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ABSTRACT
The Role of Fatty Acids-Activated Receptors in Fat Perception
by
Tian Yu, Doctor of Philosophy
Utah State University, 2010
Major Professor: Dr. Timothy A. Gilbertson
Department: Biology
Given the dramatic rise in obesity and the diseases linked with it, it is becoming
increasingly important to understand the mechanisms that underlie the body’s ability to
recognize fat. The chemoreception of dietary fat in the oral cavity has largely been
attributed to activation of the somatosensory system that relays the textural properties of
fat. However, the ability of fatty acids, which are believed to represent the proximate
stimulus for fat taste, to activate trigeminal ganglionic neurons has remained unexplored.
In general, my research has provided the first evidence of fatty acids activating the
somatosensory system by increasing the intracellular calcium concentration and
generating receptor potentials. Other experiments were focused on identifying fatty acidsresponsive pathways in acute isolated trigeminal neurons involved with fat
somatosensory perception. My results revealed that fatty acids-activated pathways
involved the release of intracellular calcium stores in subpopulations of trigeminal
neurons. By using pseudorabies virus as a “live-cell” tracer, a subpopulation of lingual-
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innervated trigeminal neurons was labeled. Quantitative real-time polymerase chain
reaction on individual neurons showed several transient receptor potential channel
markers were expressed in these labeled neurons, which indicated the identification of
lingual-innervated neurons was successful. This technique helped resolve the problem of
trigeminal neurons being a mixed population of cells, and confirmed the role of the
release of intracellular calcium stores in fatty acid-activated pathways. Using patch clamp
recording, I discovered that the linoleic acid activated signaling pathway involved the
activation of G protein and phospholipase C. I further began to characterize the
downstream conductance that is activated by linoleic acid in rat trigeminal neurons.
Using perforated patch clamp recording, I have recorded linoleic acid-induced currents
that exhibited many of the properties of transient receptor potential-like channels,
suggesting that this “cellular sensor” is probably playing an important role in the
somatosensory perception of fat. Taken together, this dissertation research has revealed
the ability of fatty acids to act as effective tactile stimuli and identified several elements
of the fatty acids-activated signaling pathway involved in the somatosensory perception
of fat.
(142 pages)
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CHAPTER 1
INTRODUCTION
Rationale for the Proposed Research
Obesity is becoming a major cause of many health problems in developed countries
and a growing one in the developing world. There are as many as 30 diseases related to
the obese state, including cardiovascular disease, diabetes, end-stage renal disease and
even some forms of cancer. While obesity is clearly a disease that has multiple etiologies,
there are compelling data indicating a link between the growth in the obese population
and the corresponding increment of dietary fat intake (1, 2).
In our diets, energy comes from three primary sources – fat, carbohydrate and
protein. Of these, fat is the most concentrated energy source, providing nine calories per
gram compared with four calories per gram from either carbohydrate or protein. Ingested
fat is predominantly in the form of triglycerides, which is an ester form of glycerol and
three fatty acids, although there are significant amounts of mono- and di-glycerides, free
fatty acids and glycerol in fat-containing food. The hydrolysis of fat (i.e. the breakdown
into free fatty acids and glycerol) occurs primarily in the intestine via the action of lipases
with presence of bile secretions. The by-products of fat digestion can move to the blood
vessels via the lymphatic thoracic duct for energy use, or be rebuilt into triglycerides and
lipoprotein.
Despite the obvious link between the fat intake and the obesity, there has been
comparably little attention paid to the sensory cues provided by dietary fats. Over the past
decade, however, the idea that fats might provide salient cues to the gustatory system and
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act as a “taste of fat” was introduced to the field. While the “taste of fat” remains
controversial, the textual cues of dietary fat or triglyceride are generally accepted. In
some cases, textural properties appear to be sufficient to identify fat content. Oiliness
rating of stimuli was reported when samples were rated with or without the blocking of
additional olfactory and visual cues (3). However, more commonly, subjective ratings by
sensory panels reveal predominant textual attributes, but also odor and taste dimensions
(4). Thus, it is more likely that fats play multiple roles in foods and lack a unitary sensory
property.
On the other hand, there are reports suggesting that the fatty acid concentrations
in edible oil generally range between 0.01%-0.1% (5). Meanwhile, lingual lipase activity
could generate an additional 0-12 µMoles fatty acids /min per l (6). Although fatty acids’
role in the taste system attracts more attention, and is under intense study, fatty acid
activity in the somatosensory system remains largely unexplored. Sensory neurons
isolated from somatosensory system have been utilized as the model neurons to study the
molecular and cellular based signaling pathways excited by somatosensory stimuli.
Whether fatty acids could be the analog stimulation to sensory neurons would be the
obvious question. Indeed, electrophysiological studies from our lab and others (7)
confirmed the efficacy of free fatty acids as effective tactile stimuli. My dissertation
study was therefore focused on fatty acids’ action on isolated trigeminal ganglionic
neurons, and the identification of the detailed players that involved in the fatty acidsensitive signaling pathway.
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Fatty Acids as Fat-derived Signals in Peripheral
Nervous System (PNS)
Excess intake of dietary fat is linked with obesity (1), which has become a
worldwide epidemic, especially evident in Western countries. For decades, intense
research has been carried out to determine the underlying cause(s) of obesity. The most
promising early data in this area was the identification of genes that were apparently
responsible for some forms of obesity. Among the most consequential discoveries were
the Lepob gene and its product leptin and the leptin receptor gene (LEPR) (8, 9). Because
leptin is an adipocyte-derived cytokine whose administration reverses obesity caused by
leptin deficiency, it was initially viewed as an adipocyte-derived signal that functioned
primarily to prevent obesity. Now, however, researchers have generally agreed that leptin
is a signal that conveys the level of fat storage to the brain, relaying information as
whether the body is starving or full. The focus on leptin further lead to the discovery of a
series of adipocyte hormones related to obesity in central and enteric nervous systems.
For example, adiponectin, visfatin, tumor necrosis factor-α (TNF-α) and fibroblast
growth factor 21 (FGF21) are some regulators of glucose homeostasis (10-12).
In recent years, there has been an intense focus on the obesity regulators acting in
the central nervous system (CNS), yet comparatively little emphasis has been placed on
the fat-derived signals in the PNS. It has become increasingly clear that fat itself and its
by-products, particularly fatty acids, also act as peripheral stimuli to a variety of fatresponsive tissues (13, 14). For example, in skeletal, smooth and cardiac muscle and
some other fat-responsive tissues (pancreas, liver, intestine), fatty acids appear to be
acting as primary messengers. In these tissues, fatty acids’ effects could be either indirect,
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involving intracellular effects of arachidonic acid or other fatty acids as the substrate (15),
or direct, where fatty acids interact with a variety of voltage-activated ion channel (16)
and receptor (17) signaling pathways. Specifically in the oral cavity, dietary fat could be
a signal conveying information for the impending change of body physiology in response
to fat intake as well. There is compelling evidence that oral administration of lipids
increases the protein content of pancreatobiliary juice in esophagectomized rats (13).
Taken together, our laboratory and others have found that fat could be a peripheral signal
that activates the taste system as well. The ultimate goal is to determine if this putative
“taste and texture of fat” plays a role in the obesity epidemic.
Tactile Information of Fat Is Perceived
Through the Somatosensory System
For a long time in the chemosensory field, fat was thought to have virtually no taste
and its most salient cue was its texture (18-20), with its sensory attributes given
descriptors like “mouth feel,” “oiliness,” “creaminess,” or “slipperiness.” The perception
of the texture of fat is perceived largely through activation of the somatosensory system
and specifically through activation of trigeminal nerve fibers that originate from the
trigeminal ganglia and send projections into the oral cavity. These polymodal
chemosensory cells respond to a variety of stimuli (21-23). However, very few studies
have attempted to explore their responsiveness to the components of dietary fats and
fewer have attempted to look at the cellular and molecular mechanisms for fat perception.
Thus, the general perception remains that fat is perceived largely through activation
of the somatosensory system. Somatic sensations are of four modalities: tactile, thermal,
pain, and proprioception. The tactile sensations are usually regarded as those of touch,
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pressure, vibration, itch, and tickle. The dorsal root is responsible for the somatic
sensations of the body. It conducts nerve impulses from sensory receptors in the skin,
muscles, and internal organs into the CNS. In the head and neck, the trigeminal nerve
serves as the corresponding nerve of dorsal root. There are three cranial nerves that
innervate the face area, cranial nerve V, VII and IX. Cranial nerve V is also known as the
trigeminal nerve, while cranial nerves VII and IX are referred to as the facial and
glossopharyngeal nerves, respectively. The facial and glossopharyngeal nerves are mixed
cranial nerves (conveying both afferent and efferent information) that are responsible for
much of taste perception. The facial nerve has its sensory axons extend from the taste
buds of the anterior two-thirds of the tongue through the geniculate ganglion, and end in
the pons. The chorda tympani branch of facial nerve is primarily sensitive to taste quality
and intensity of chemical stimuli (24). However, they can also be activated by thermal
and mechanical stimuli (25, 26). The glossopharyngeal nerve carries taste information
from the posterior tongue. The trigeminal nerve is also mixed and the largest of the
cranial nerves. This nerve emerges from two roots on the ventrolateral surface of the
pons. The large sensory root has a swelling called the trigeminal ganglion, which is
located in a fossa on the inner surface of the petrous portion of the temporal bone. The
ganglion contains cell bodies of most of the primary sensory neurons. As indicated by its
name, the trigeminal nerve has three branches: ophthalmic, maxillary, and mandibular.
The ophthalmic nerve, the smallest branch, enters the orbit via the superior orbital fissure.
The maxillary nerve is intermediate in size between the ophthalmic and mandibular
nerves and enters the foramen rotundum. The mandibular nerve, the largest branch, exits
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through the foramen ovale. This mandibular nerve is the one that contains somatosensory
axons from the anterior two-thirds of the tongue, and some other areas on the face. It is
sensitive to primarily tactile aspects of stimuli, only strong chemical stimuli could elicit a
response from this nerve (27, 28). The tactile nature of the lingual nerve, usually regarded
as thermal and nociceptive sensitivity, was also supported by clinical evidence of
anesthesia of the anterior tongue following impairment of the trigeminal nerve (29). The
input from facial nerve and lingual nerve converges on individual solitary neurons which
will allow interactions between sensory modalities, e.g., taste and texture (touch) (30).
The Classification of Trigeminal Ganglionic Neurons (TGNs)
As stated above, trying to study this complicated system is obviously challenging.
One of the most productive ways has been to study the characteristics of isolated
trigeminal ganglionic neurons (TGNs). In general, most of the studies carried out in
somatosensory neurons were focused on their role in pain perception, like trigeminal
neuralgia, not on the other sensations. If one isolates TGNs, it is commonly accepted that
the different cell body sizes represent functionally different cell types. Thus, in our goal
to characterize the ability of these cells to respond to fatty acids, it will be helpful if we
have some information of the functional classification of different types of TGNs.
The most accepted classification of TGNs in this respect is to divide them into the
mechanoreceptors and the nociceptors according to their function. Mechanoreceptors are
sensory receptors that respond primarily to mechanical pressure or distortion. When a
mechanoreceptor receives a stimulus it begins to fire impulses or action potentials at an
elevated frequency. Nociceptors, however, are sensory receptors that send signals that
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cause the perception of pain in response to potential damaging stimulus. There are three
major classes of nociceptors—thermal, mechanical, and polymodal. Specifically, thermal
nociceptors are activated by extreme temperatures. They usually have small-diameter,
thinly myelinated Aδ fibers that conduct signals at about 5-30 m/s. Mechanical
nociceptors are activated by intensive pressure applied to the skin, and also have thinly
myelinated Aδ fibers conducting at 5-30 m/s. Polymodal nociceptors are activated by
high-intensity mechanical, chemical, or thermal (both hot and cold) stimuli. These
nociceptors have small-diameter, unmyelinated C fibers that conduct more slowly, less
than 1.0 m/s velocity (31).
The most widely used classification of TGNs tends to separate them based upon
their soma diameter and the use of specific markers for labeling. The studies of structural
differences of TGNs were closely related to the dorsal root ganglionic neurons (DRGs).
Mature primary sensory ganglia neurons have been classified in three main types (A, B,
C) based on their sizes and the distribution of their organelles (32). Type A neurons are
large neurons (40-75 μm in diameter), type B compose of medium neurons (20-50 μm in
diameter), whereas type C neurons are the smallest ganglion cells with a diameter of less
than 20 μm (32), however, it should be noted that these classification strategies vary
considerably in the literature. Type A and B neurons have myelinated fibers and are
mainly mechanoreceptive, whereas type C neurons give rise to largely unmyelinated
fibers and are mainly nociceptive (33).
There are several markers used to classify TGNs as well. Griffonia simplicifolia
isolectin B4 (IB4)-fluorescein isothiocyanate (FITC) binds to a portion of small diameter
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DRGs (soma diameter ≤ 26μm) (34) and TGNs (35), which were thought to be
nociceptors. These IB4-positive non-peptidergic neurons and IB4-negative peptidergic
neurons were reported to have some functional differences. Neuropeptides such as
calcitonin-gene related peptide (CGRP), substance P and nerve growth factor (NGF)
receptor Trk-A were expressed in the IB4-negative neurons, while P2X purinoceptor 3
(P2X3) receptor was expressed in IB4-positive neurons (36-38). 5-hydroxytryptamine
receptor 1B (5-HT1B) mRNA was found expressed in medium size TGNs (soma diameter
25-37 μm), which was virtually absent from IB4-labelled cells. In the neuropeptide
coexpression experiments, people found that 5-HT1B cells were immunoreactive for TrkA and CGRP in medium-size Trk-A cells, while substance P cells did not shown 5-HT1B
expression (33). In another report, Na+K+2Cl- cotransporter 1 (NKCC1) mRNA is
predominately expressed by small and medium diameter DRGs and TGNs. Specifically
in trigeminal ganglia, NKCC1 mRNA-expressing neurons frequently colocalized with
peripherin, CGRP, or transient receptor potential vanilloid 1 (TRPV1) immunoreactivity
and N52 antibody (39).
Taken together, it is clear that texture perception is conducted by the trigeminal
nerve. Cells from the trigeminal ganglia contain mixed cell types which could be
distinguished by their soma diameters and a series of markers, but none of these methods
currently provides an unequivocal means of identifying subtypes of TGNs that innervate
the oral cavity and, importantly, are those that respond to fatty acids. Thus, part of the
dissertation research was spent attempting to develop methods utilizing pseudorabies
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virus as a tracer (see below) to identify subsets of rat TGNs that respond to the textural
properties of fats in the oral cavity.
Pseudorabies Virus as the “Live-Cell” Tracing Tool
Pseudorabies virus (PrV) is a swine herpes virus of the Alphaherpesvirinae
subfamily, which cause Aujeszky’s disease in pigs. Although swine are the reservoir for
the virus, it has a broader host range which includes nearly all mammals except for the
higher primates and humans and other vertebrate species (40). PrV naturally infects the
oronasopharyngeal route. After primary infection of the epithelial cells, the viral particles
invade nerve endings innervating the mucosae, traveled back to the neuron bodies and
further ascend toward the CNS, resulting in a non-suppurative meningoencephalitis (41,
42).
The host range of PrV made it a useful tool in a wide range of animal models but
remains safe for laboratory workers. PrV contains DNA rather than RNA, which brings
the convenience for manipulating the genome. It is also neurotropic virus by nature: it
invades neurons and produces infectious progeny that cross synapses to infect other
neurons in the same circuit. That is, PrV spreads faithfully among functionally connected
neurons (synapses), rather than simple releases virus particles to extracellular space.
These features make PrV a good tool as a neural circuit tracer. Indeed, carefully designed
studies of PrV transport have confirmed its reliability. First, the circuit pathway
developed by PrV infection resembles the results from the nonviral tracers. Second,
infection does not spread interaxonally to non-synaptically connected, physically adjacent
circuitry. Third, PrV can only work with intact neuronal circuit. Last, PrV spreading is
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not dependent upon a certain kind of neurotransmitter or specific anatomy (41). Thus,
PrV holds promise as a good candidate of identifying the oral cavity-innervated TGNs.
Actually, PrV has been used as a circuit tracer for about 20 years. Among many
virulent strains, the attenuated strain PrV Bartha, is the most widely used PrV for
neuronal tracing. It spreads only from post- to pre-synaptic cells in the circuit (retrograde
spread). PrV-Bartha was first exploited for defining CNS circuits that modulate the
autonomic and somatic peripheral outflow (43). Later studies utilized the genetic
recombinant technique to insert reporter genes like β-galactosidase or green- or redfluorescent protein (GFP, RFP) genes to determine the connections of the CNS to many
peripheral organs and tissues. Some of the examples includes: tongue (44), nose (45),
adipose tissues (46-49), muscle (50), heart (51), and stomach (52). In a recent report, a
recombinant PrV-Kaplan strain with GFP gene was used to successfully trace the
pathway to the trigeminal and brainstem neurons (53), although the wild-type Kaplan
strain was thought to have a powerful inflammatory response that usually killed the
animal within 2-3 days. However, the careful study of post-inoculation-time-window
enables the researchers to utilize the anterograde and retrograde abilities of the Kaplan
strain, and obtain the high animal survival rate at the same time. More importantly, both
PrV-Bartha

and

PrV-Kaplan

infected

neurons

retain

relatively

normal

electrophysiological properties for some time after infection (45, 54-57). This feature
gives us possibilities of not only tracing the circuit, but also studying the functions of the
traced neurons.
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Putative Fatty Acid-Responsive Proteins
G Protein-Coupled Receptors (GPCRs). Over the past few years, several GPCRs
considered orphans were identified and found to be activated by a variety of fatty acids.
These GPCRs include GPR40, GPR41, GPR43, GPR84 and GPR120 (Table 1.1). Among
these, GPR40 has been the most completely characterized. GPR40 is thought to be a
receptor of long chain fatty acids (carbon chain length > 12), which appears expressed
relatively specifically in pancreatic islets across species. It couples with Gq/11, resulting in
elevation of intracellular calcium and regulator of protein kinase A and C activities,
consistent with the interpretation that the receptor may play a role in insulin secretion
(17). Interestingly, a connection between GPR40 activation and delayed rectifying
potassium (DRK) channel inhibition (see below) has been proposed to involve cyclic
adenosine monophosphate (cAMP) and protein kinase A (58).
GPR41 and GPR43’s ligands are short chain fatty acids (carbon chain length < 6)
(59, 60). These two are closely related receptors that are activated by propionate and
other short chain carboxylic acids (60). Another member of this family is GPR42 appears
to be a non-functional gene duplication of GPR41. GPR41 has highest expression level in
adipose tissue where it has been linked with the release of leptin (61). GPR43 has been
shown to be present in lymphatic tissues and gastrointestinal tract and play a role in
differentiation of leukocyte progenitors in hematopoietic cells (62). Both GPR41 and
GPR43 couple to inositol 1,4,5-trisphosphate (IP3) formation via Gi/Go (GPR41 &
GPR43) or Gq (GPR43 only).
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More recently, GPR84 has been identified as a receptor for medium chain fatty acids
(63). GPR84 couples primarily to a pertussis toxin-sensitive Gi/Go pathway and induces a
cAMP increase after application of medium chain fatty acids. GPR84 functions as a
specific receptor for medium chain fatty acids of C9 to C14, with C10-C12 being the
most potent. Expression analysis revealed significant induction of GPR84 in
monocytes/macrophages upon lipopolysaccharide stimulation, suggesting that medium
chain fatty acids may regulate inflammatory responses through activation of GPR84 (63).
GPR120 is an additional fatty acid receptor that has to be characterized in
enteroendocrine cells of the small intestine. These cells, including a corresponding cell
line, STC-1, share many characteristics of the mammalian taste receptor cells (TRCs)
(64). STC-1 cells express sweet (65) and bitter receptor families as well as gustducin (66,
67). Interestingly, they also express GPR120, a GPCR that is activated by long chain
fatty acids (68). Activation of GPR120 results in release of an enteroendocrine hormone,
glucagon-like peptide-1 (GLP-1), as well as inhibits apoptosis induced by serum
deprivation through Gq pathway (68, 69).
CD36. Cluster of differentiation 36 (CD36) is a glycoprotein that was identified first
in human platelets (70, 71). It was first thought to be a receptor for thrombospondin and
collagen. However, this molecule is now considered a transmembrane protein that binds
lipids including long chain fatty acids (72, 73). One of the roles proposed for CD36 is in
the transport fatty acids across plasma membranes from the extracellular to the
intracellular side (74), though this role has not been firmly established. CD36 is broadly
expressed and could be functioned in cellular lipid transfer, as a scavenger receptor, and
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in cell adhesion (75). It plays a role in cellular triglyceride synthesis, lipid storage in
adipose tissue, and fatty acid oxidation in muscle. One report in 1997 came out revealing
that CD36 is expressed in the epithelial layer of circumvallate papillae of the tongue (76).
Recently, Laugerette et al. provided compelling evidence to implicate CD36 as playing
an important role in oral fat perception and even in triggering neural mechanisms that
lead to bile secretion (77). In the oral cavity, expression of CD36 is restricted to the
lingual gustatory papillae, particularly the circumvallate papillae, which are located on
the back side of the tongue (77). The Laugerette group further examined the
physiological responses of both wild type and CD36 knockout mice. Wild type mice
showed obvious preference for a solution containing linoleic acid or a solid diet
containing linoleic acid. CD36 knockout mice, however, did not exhibit such preference
(77).
Delayed Rectifying Potassium (DRK) Channels. Since the early 1990’s, fatty
acids have been known to affect ion channels. Arachidonic acid has been shown to
activate several types of potassium channels (78-80), whereas some polyunsaturated fatty
acids (PUFA) could block some other potassium channel classes (81). Fatty acids also
have been reported to affect sodium channels (82) and calcium channels (83, 84) as well.
More recently, a specific transient receptor potential (TRP) family channel that could be
activated by arachidonic acid has been identified (85). These results suggest that fatty
acids may be important regulators of signal transduction in a variety of systems.
As described above, DRK channels have been implicated in fatty acid transduction
in the taste system. PUFAs can lead to TRC activation through an inhibition of DRK

14
channels. Subsequent research has shown that the predominant fatty acid sensitive DRK
channel in taste cells is the Shaker KV1.5 (KCNA5) channel, which is known to be highly
sensitive to PUFAs (81, 86). Heterologous expression studies from our laboratory have
suggested that all members of the KCNA channel family are very sensitive to PUFAs,
KCNB channels are moderately sensitive and KCNC channels are insensitive to fatty
acids (unpublished data). More interestingly, comparison of DRK expression in obesityprone and obesity-resistant rat models has concluded that the ratio of fatty acid-sensitive
DRK channels to fatty acid-insensitive DRK channels might be an important to
contributor to overall peripheral fatty acids sensitivity and influence the strength of the
resulting chemosensory response to fat (87). Furthermore, it seems that there is a
correlation between activity in peripheral potassium channels and feeding behavior. High
fat diets and/-or obesity reduce the responsiveness of peripheral DRK channels to fatty
acids. In addition, a number of studies have implicated potassium channels’ roles directly
or indirectly in food intake. As an example, antagonists of potassium channels lead to a
decrease in food intake, while agonists exert the opposite effect (88). Thus, DRK
channels are important players or possibly act as receptors in peripheral gustatory system.
TRP Channels as Cellular Sensors
The TRP channels are now known to constitute important components of sensory
systems. They form a large and functionally versatile family of ion channels that have
distinct activation mechanisms and biophysical properties throughout a diverse series of
organisms. For example, yeast use a TRP channel to perceive and respond to osmolarity
change (89, 90); C.elegans use TRP channels to detect and avoid noxious chemicals (91);
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Male mice use a pheromone-sensing TRP channel to sense their female partners (92).
Humans use TRP channels to appreciate sweet, bitter and umami tastes (93), as well as to
discriminate among warmth, heat and cold (94-97). In general, the mammalian TRP
superfamily is divided into six subfamilies based on the sequence homology, which
includes TRPC (canonical, TRPC1-7), TRPM (melastatin, TRPM1-8), TRPV (vanilloid,
TRPV1-6), TRPA (ankyrin, TRPA1), TRPP (polycystin) and TRPML (mucolipin)
families (98). The mammalian TRP family tree is shown in Fig. 1.2.
The TRP channel subunit consists of six putative transmembrane spanning
domains (S1-S6) with a pore forming loop between S5 and S6. The two termini (-NH2
and –COOH) of the polypeptide are both located intracellularly (99). All TRP channels
are known to be cation-selective. Most functionally characterized TRP channels are
permeable to calcium ions except for TRPM4 and TRPM5, which are permeable to
monovalent cations.
Although knowledge on these channels accumulated rapidly, the physiological
roles of most channels are still obscure. Here I will focus on introducing the four TRP
channels—TRPV1, TRPA1, TRPM8 and TRPM5, which are involved in either
somatosensation in primary sensory neurons or taste transduction in TRCs.
TRPV channels are activated by heating in heterologous expression systems and
sensory neurons (95-97, 100). Specifically, TRPV1 was generally known as the ‘hot’
pepper derived vanilloid compound capsaicin receptor, but it is also activated by heat,
decreased pH and some other agonists as well (101-104). In sensory neurons like DRGs
or TGNs, TRPV1 expression predominates in a subset of neurons with small diameters
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unmyelinated C-fiber nociceptors (105). TRPA1 is distinguished from other TRP
channels by the presence of ~14 ankyrin repeats in its N terminus. Although TRPA1 was
described as a cold-sensitive nonselective cation channel (106), further studies reveal that
it is a ligand-gated channel activated by pungent agents like mustard oil and garlic (107110). Like TRPV1, TRPA1 is also expressed in a subset of unmyelinated C-fiber
nociceptors, which are thought to be involved in the pain pathway in primary sensory
neurons (103, 106, 109, 111).
Two members of the TRPM subfamily are involved in chemical senses. TRPM8
has been most convincingly described as an environmental cold- and menthol-activated
nonselective cation channel. It activates unmyelinated C-fibers as well as the myelinated
Aδ fibers (94). TRPM5 is found expressed in taste tissues and played important roles in
sweet, bitter, umami signaling transduction on taste receptor cells. Taste preference test
with TRPM5-/- mice showed diminished sensitivity in perception of these tastants (93).
Different than TRPV1, TRPA1 or TRPM8, which have ligands directly binding to the
channels, TRPM5 is activated by intracellular Ca2+ increases following the generation of
IP3 and diacylglycerol (DAG) via phospholipase C (PLC), which is initiated by tastants
binding to taste receptors on the membrane (93). These taste receptors consist of the
sweet and umami receptor (T1Rs) and bitter receptor (T2Rs) families and are G proteincoupled receptors (GPCRs) that couple to the activation of PLCβ2 (93).
A Model Linking GPCRs, CD36 and Fatty
Acid-Sensitive DRK Channels
As described above, there are a number of proteins that have been implicated as
putative receptors for fatty acids. While it is entirely plausible that these putative
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receptors (fatty acid-activated GPCRs, CD36 and fatty acid-sensitive DRK channels)
could function independently in the transduction of fatty acids in the somatosensory and
taste systems, I favor the hypothesis that these proteins are functionally linked. Fig. 1.3
illustrates our model of the putative fatty acids receptors responding to fatty acids and
initiating a signaling transduction cascade. Fatty acids, either transported by CD36 to the
GPCRs rich regions or directly bound to GPCRs activates a G protein that stimulates
production of PLC, production of the second messenger IP3 and release of calcium from
intracellular stores. The release of calcium stores may lead to activation of a member of
calcium released activated calcium channel (CRAC) family and influx of calcium that
depolarizes the cell (i.e. produces a receptor potential). This depolarization increases the
open probability of DRK channels which in this open state are blocked directly by fatty
acids further depolarizing the cell leading to the opening of voltage-gated calcium
channels. Experiments in this dissertation were testing this specific hypothesis in TGNs.
(Fig. 1.3)
Dissertation Outline
This dissertation research explores the mechanisms underlying dietary fat evoked
somatosensation in oral cavity. In general, my research is focused on identifying dietary
fat responsive pathways in sensory neurons which would reflect somatosensation in the
oral cavity (i.e. TGNs). To better study the fatty acid-sensitive signaling pathway in oralinnervated polymodal TGNs, I have made use of the neural circuit tracer PrV to label a
subpopulation of lingual-innervated TGNs. Furthermore, I studied the mechanisms that
underlie fatty acids stimulation specifically in those PrV-labeled TGNs. In Chapter 2,
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using adult Sprague-Dawley rat model, my research is focused on using ratiometric
calcium imaging and patch clamp recording as the functional output to make the first
attempt to explore fatty acids’ effect on TGNs. More specifically, I took pharmacological
and ion substitution approaches to identify specific proteins involved in fatty acids
transduction pathway in TGNs. These results demonstrated for the first time that fatty
acids are capable of activating TGNs. To explore this pathway in TGNs from the oral
cavity, in Chapter 3, I describe results from experiments where I (1) developed a
technique to identify a subpopulation of neonatal TGNs that innervate the oral cavity and
(2) showed that these cells respond in a qualitatively similar fashion to fatty acids as the
larger population of adult TGNs studied earlier.
My data in Chapter 2 and Chapter 3 implied that a TRP-like channel was likely
involved downstream in the fatty acids transduction pathway. In Chapter 4, I followed up
on this observation and turned to recording and characterizing TRP-like currents initiated
by linoleic acid (LA) in TGNs. In this research, I made the first attempt to use perforated
whole-cell patch clamp recording to record the TRP-like current from the acutely isolated
TGNs and attempted to elucidate the properties of this LA-induced current.
While I faced a number of technical and methodological challenges in the course
of this dissertation research and I have not been able to completely determine the
transduction pathway for fatty acids in the trigeminal system, a number of important
outcomes have emerged from this project. First, I have shown that one of the components
in dietary fat, specifically fatty acids, is able to produce a depolarizing receptor potential
and activate a rise in intracellular calcium in TGNs consistent with fatty acids being a
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somatosensory stimulus (Chapter 2). Second, using fluorescent PrV constructs I have
developed approaches to identify a subset of TGNs which innervate the oral cavity and
show conclusively that these cells are also activated by fatty acids (Chapter 3). Third, I
have made significant initial progress to identify the components of the transduction
pathway for fatty acids in TGNs (Chapters 2-4). Like in other chemosensory cells
including TRCs and enteroendocrine cells, the pathway appears to be initiated by binding
of fatty acids to fatty acids-activated GPCRs (a progress that might positively be
influenced by the fatty acids binding protein, CD36), activation of PLC, generation of the
second messengers IP3 and DAG, and the release of calcium from intracellular stores.
The calcium rise then apparently leads to activation of a cation permeable TRP-like ion
channel. While I have identified a number of TRP-like channels in TGNs that may play a
role in the fatty acids pathway, the lack of specific pharmacological tools currently have
precluded me from being able to identify a specific ion channel in this pathway. Given
the progress made, I anticipate that future research will be able to more completely
elucidate this pathway.
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Table 1.1: Summery of fatty acid-sensitive membrane proteins that may play a role in
fatty acids detection in oral cavity. CCK, cholecystokinin; GLP-1, glucagon-like peptide1.

FA- GPCRs
GPR40
GPR41
GPR43
GPR84
GPR120
CD36

Ligands

Tissue Distribution

Function
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Figure 1.1: Diagram of the branches of the trigeminal nerve that innervate the oral, nasal,
and ocular cavities. The chemosensitive structures innervated by each trigeminal branch
are indicated in parentheses. (112)
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Figure 1.2: Mammalian TRP family tree. The mammalian TRP channels comprise six
related protein families with sequence identity as low as 20%. (99)
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Figure 1.3: A model linking GPCRs, CD36 and fatty acid-sensitive DRK channels.
Hypothesized transduction pathway activated by fatty acids acting at GPCRs, CD36 and
DRKs in chemosensory cells. FA, Fatty Acids; R, GPCRs; CRAC, calcium released
activated calcium channels; VGCC: voltage gated calcium channels.
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CHAPTER 2
FATTY ACIDS ACTIVATE TRIGEMINAL GANGLIONIC NEURONS IN
ADULT SPRAGUE-DAWLEY RATS
Abstract
Understanding the mechanisms that contribute to the sensory recognition of
dietary fat has become increasingly important given the epidemic of obesity which is
partially driven by high dietary fat intake. While the textural properties of dietary fat (e.g.
triglycerides) have been well documented to occur via the activation of trigeminal
ganglionic neurons (TGNs) in the somatosensory system, the ability of fatty acids (FAs)
to activate TGNs remained unexplored. To investigate the ability of FAs to activate the
somatosensory system, I have used fura-2 based calcium imaging and patch clamp
recording as the functional readout to explore the ability of FAs to activate TGNs from
adult Sprague-Dawley rats. FAs (1-100 µM) elicit robust changes in intracellular calcium
concentration ([Ca2+]i) in approximately two-thirds of TGNs in a concentrationdependent fashion. In general, responses to monounsaturated or saturated FAs occurred
in neurons that also responded to polyunsaturated FAs. Moreover, cells exhibit FAresponses that are less dependent of extracellular sodium (Na+) but are either dependent
or independent of extracellular calcium (Ca2+) possibly indicating multiple functional cell
types. Store depletion by thapsigargin significantly reduces but does not abolish the FAinduced Ca2+ responses. I also measured FA-induced membrane depolarization in TGNs
by patch clamp recording. Linoleic acid (LA) elicits membrane depolarization in TGNs
with a time course similar to that seen for the rise in [Ca2+]i. Inhibition of G protein
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activation with GDP-β-S and inhibition of phospholipase C activity with U73122 blocked
77% and 58% of LA-induced depolarization of TGNs, respectively, which suggests the
involvement of G protein/PLC pathways and is consistent with the activation of upstream
FAs sensitive G protein-coupled receptor (GPCRs) in the FAs signaling pathway in
TGNs.
Introduction
One role of the peripheral somatosensory system in the oral cavity is to enable the
recognition of the temperature, pungency and the textural properties of foods. Cellular
and molecular approaches have yielded information regarding the molecular
underpinning of these processes. Several membrane ion channels have been discovered as
the receptors of capsaicin (from hot chili) (1), menthol (2, 3) and pungent agents (4, 5)
such as mustard oil and garlic. These unconventional sensations, along with the more
conventional ones like taste and olfaction, contribute to the ability of enjoying the
palatability of foods while rejecting those compounds that are potentially dangerous.
The ability to sense fat either in terms of its texture or taste appears to be
correlated with dietary fat preference and, ultimately, obesity. Human studies suggest that
individuals with a high body mass index (BMI) have lower sensitivity to oral FAs
compared to those with lower BMIs (6). Animal behavioral studies indicate a clear
preference to FAs compare to mineral oil (textural) control (7), consistent with the notion
that FAs have a taste quality. The conditioned taste aversion test showed strong aversions
to LA at the concentration of 100 µM (8). The cellular/molecular mechanisms underlying
the taste of FAs remain to be elucidated. The textual cues associated with dietary fat (e.g.
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triglycerides) are generally accepted, though the concentrations that produce this
somatosensory experience have not been well established empirically. Recent reports
suggest that the concentrations of free fatty acids (FFAs) in edible oil generally range
between 0.01%-0.1% (9). Lingual lipase activity, on the other hand, could generate
additional 0-12 µmol fatty acids-/min per litter (6), which helps increase the FFAs to a
detectable level in the oral cavity. Therefore, based upon the concentrations found in fatcontaining foods and/or generated by the activity of lingual lipases, FAs have the
potential of being effective sensory stimuli in the oral cavity. Indeed, research had
indicated these concentrations of FAs were able to activate taste receptor cells (TRCs) by
inhibiting delayed rectifying potassium channels (DRKs) (10). However, whether FAs
are capable of activating the somatosensory system directly like capsaicin and menthol is
unknown.
The peripheral nervous system (PNS) within oral cavity contains three cranial
nerves. Cranial nerves VII and IX (referred to as the facial and glossopharyngeal nerves,
respectively) are responsible for the taste perception, while cranial nerve V (referred to as
trigeminal nerve) is the one that transmits somatosensory information. Generally
speaking, noxious stimuli are detected by nociceptors that have small to medium
diameter perikarya that further correspond to unmyelinated C and lightly myelinated Aδ
nerve fibers. Innocuous stimuli, such as light touch, are detected by large diameter
neurons that correspond to the more heavily myelinated Aα or Aβ fibers (referred to as
mechanoreceptors). Based on molecular markers and pharmacological characteristics,
there are about 50% of sensory neurons that respond to capsaicin (transient receptor
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potential vanilloid 1(TRPV1) positive) (4), 50% of capsaicin sensitive cells respond to
mustard oil (mainly allyl isothiocyanate) (TRPV1 and transient receptor potential ankyrin
1 (TRPA1) positive), the other 50% respond to sanshool (2P domain and background
potassium channels (KCNK) positive), which by itself activates 52% of sensory neurons
(5). Menthol activates a separate subpopulation (~20%) that does not respond to
capsaicin or mustard oil (transient receptor potential melastatin 8 (TRPM8) positive only)
(5). Most of these neurons are small diameter myelinated neurons that are not sensitive to
stretch, except for some TRPV1 and sanshool sensitive neurons that are stretch sensitive
also, and fall into the class of non-peptidergic C-fiber nociceptors (11).
The primary targets for studies on somatosensation occur in sensory neurons from
the dorsal root ganglia and trigeminal ganglia. The trigeminal nerve is a mixed nerve
containing both afferent and efferent nerve fibers with broad innervation patterns. TGNs
are considered polymodal neurons that consist of a heterogeneous population of cells.
How to identify and functionally separate these neurons has been a major confound in the
research of the physiology of sensory neurons. The most widely used approach is to
divide sensory neurons by their sizes, i.e. small and medium neurons (<26 µm diameter)
are classified as nociceptors, while larger neurons (>28 µm diameter) are believed to
represent the population of mechanoreceptors (11, 12).
Although progress has been made in the cellular and molecular basis for the
transduction of spicy and pungent compounds in somatosensory system, the ability of
TGNs to respond to the components contained in fat and the mechanisms underlying the
ability of FAs to activate sensory neurons remains elusive. Here, I take the multiple
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approaches to elucidate the molecular and cellular basis of the FA-induced signaling
pathway in TGNs. I have shown that FAs activate a subset of TGNs by increasing the
[Ca2+]i and depolarizing the membrane. Moreover, I found that FAs caused the release of
intracellular Ca2+ store in this subset of neurons, a process that contributes to the
development of the FA-induced receptor potential. Preliminary data implicated the
primary receptor for FAs appears to be one or more of the recently identified FAactivated GPCRs. Several FA-sensitive GPCRs were found expressed in the trigeminal
ganglia, and I provided the first evidences that the G protein/phospholipase C (PLC)
pathway is involved in FAs signaling. Thus, I conclude that FAs are effective stimuli for
somatosensory neurons, which contribute to our perception of dietary fat.
Materials and Methods
Acute isolation of trigeminal ganglionic neurons. All surgical and experimental
procedures were reviewed and approved by the Institutional Animal Care and Use
Committee, Utah State University. TGNs were isolated according to methods modified
from Simon and colleagues (13, 14). Four-to 8-week-old male Sprague-Dawley rats were
deeply anaesthetized by 50 mg/kg i.p. injection of sodium pentobarbital. The paired
trigeminal ganglia were then harvested and diced into small pieces into Hank’s balanced
salt solution (HBSS), followed by a 45-minute incubation with 2.5 mg/ml collagenase
(Type XI-S) at 37°C in HBSS also and a 10-minute incubation at 37°C in 100 µg/ml
DNase I in culture medium (DMEM/F-12 1:1 medium supplemented with 10% FBS).
The neurons were centrifuged and resuspended in culture medium by gentle trituration
with a flame-polished Pasteur pipette. Subsequently, neurons were plated onto poly-D-
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lysine (0.1 mg/ml)-coated glass coverslips (12-15 mm in diameter) and cultured at 37°C
in a water-saturated atmosphere with 5% CO2. For electrophysiology, neurons with soma
diameters ranging between 18 to 25 µm were used within 8 hours after plating on
coverslips. For calcium imaging, neurons were cultured 36-48 hours in culture medium
before use. These cell based assays were handled in the room temperature unless stated.
Calcium imaging. TGNs were loaded with fura-2/AM (5 µM; Molecular Probes,
Eugene, OR) for 1 hour in Tyrode’s saline solution with 10% pluronic acid at 37°C in the
dark. Neurons were then rinsed and placed in culture medium for 30 minutes to allow deesterification of the acetoxymethyl ester group from fura-2. The coverslips were mounted
into an imaging chamber (RC-25F and RC-26Z, Warner Instruments, Hamden, CT),
placed on an inverted microscope (Nikon, Eclipse TS100, Japan) and perfused
continuously with Tyrode’s solution. Neurons were illuminated with a 100-watt xenon
lamp and excitation wavelengths (340/380 nm) were delivered by a monochromator
(Bentham FSM150, Intracellular Imaging Inc., Cincinnati, OH) at a rate of 20 ratios per
minute. Fluorescence was measured by a CCD camera (pixelFly, Cooke, MI) coupled to
a microscope and controlled by imaging software (Incyt Im2TM, Intracellular Imaging).
The ratio of fluorescence (340/380 nm) was directly converted to Ca2+ concentrations
using a standard curve generated for the imaging system using a fura-2 calcium imaging
calibration kit (Molecular Probes, Eugene, OR). FAs were applied extracellularly with a
bath perfusion system at a flow rate of 4 ml/min permitting complete exchange of the
extracellular solution in less than 20 seconds.
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Electrophysiological recording and analysis. Whole-cell patch clamp recording
was used to measure membrane potential (current clamp mode) in TGNs with an
Axopatch-200B amplifier (Molecular Devices, Sunnyvale, CA). Patch pipettes were
fabricated from borosilicate glass on a Flaming-Brown micropipette puller (model P-97;
Sutter Instrument, Novato, CA) and subsequently fire-polished on a microforge (model
MF-9, Narishige, Japan) to a resistance of 2-8 MΩ. Commands were delivered and data
were recorded using pCLAMP software (v. 10, Molecular Devices, Sunnyvale, CA)
interfaced to an Axopatch-200B amplifier with a DigiData 1322A analog-to-digital board.
Data were filtered online at 1 kHz and sampled at 2-4 kHz. The membrane potentials (VM)
of TGNs were recorded continuously before, during and after bath application of LA
using the current clamp mode of the amplifier while holding the cells at its zero current
level (at rest).
Solutions. Standard extracellular saline solution (Tyrode’s) contained (in mM):
140 NaCl, 5 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose, and 10 Na pyruvate; pH
7.40 adjusted with NaOH; 310 mOsm. Sodium-free saline (Na+ free Tyrode’s) contained
(in mM): 140 N-methyl-D-glucamine (NMDG), 5 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES, 10
glucose; pH 7.40 adjusted with HCl; and 310 mOsm (adjusted with NMDG). Calcium
free saline (Ca2+ free Tyrode’s) contained (in mM): 140 NaCl, 5 KCl, 1 EGTA, 1 MgCl2,
10 HEPES, 10 glucose, and 10 Na pyruvate; pH 7.40 adjusted with NaOH; 310 mOsm.
The potassium-based intracellular solution was used for measurement of membrane
potential contained (in mM): 140 K gluconate, 1 CaCl2, 2 MgCl2, 10 HEPES, 11 EGTA,
3 ATP, and 0.5 GTP; pH 7.2 adjusted with KOH; 310 mOsM. Thapsigargin (the SERCA
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inhibitor on endoplasmic reticulum), U-73122 (an inhibitor of PLC) and U-73343 (the
inactive analog of U-73122) were purchased from Sigma (St. Louis, MO). GDP-β-S, an
inhibitor of G protein activation was obtained from EMD Biosciences (La Jolla, CA).
The linoleic acid, oleic acid (OA) and docosahexaenoic acid (DHA) stocks were made in
100% ethanol and stored under nitrogen to prevent oxidation. The myristic acid (MA)
stock was made in distilled water. The caproic acid was dissolved in Tyrode’s directly.
The working solutions were made from stock solutions immediately prior to use.
Quantitative real time-PCR (qRT-PCR). For RNA Isolation, the paired
trigeminal ganglia were either stored at 20°C in RNAlater (Ambion, Austin, TX) or
placed in TRI Reagent (MRC, Cincinnati, OH) for immediate extraction of RNA.
Extraction was done according to manufacturer’s protocol. For PCR, first strand cDNA
was synthesized using the iScript cDNA synthesis kit from Bio-Rad (Hercules, CA). To
get a final volume of 20 µl, 50 ng trigeminal RNA was used for the reaction. DNA
contamination was evaluated by setting up a reaction where the reverse transcriptase was
omitted. After first-strand synthesis, 2 µl cDNA was added to a PCR reaction mix. The
HotMaster Taq DNA polymerase kit (5 Prime, Gaithesburg, MD) was used for the PCR
reaction (final concentration: 1X reaction buffer, 5.0 mM Mg2+, 200 µM dNTPs, 300-900
nM forward and reverse primers, and 1.25 U/µl HotMaster Taq). Primer sequences for
GPR40, 43, 120 and CD36 are shown in Table 2.1. For GPR84 detection, a commercially
available TaqMan® Gene Expression Assay (ABI, Foster City CA) was used.
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Statistical analysis. The significant effects of all the treatments were determined
by a two-tailed Student’s t-test (α=0.05) compared with their controls as described in the
text. Data are presented as mean ± SEM, unless otherwise indicated.
Results
LA depolarizes and elicits a rise in [Ca2+]i in TGNs. In the present study I have
used cell-based assays (ratiometric calcium imaging and patch clamp recording) to
explore the ability of FAs to activate a signaling cascade in isolated rat TGNs. As the first
approach, I used the prototypical FA stimulus, LA (1-100 µM), to elicit the [Ca2+]i
changes in isolated TGNs. As shown in Fig. 2.1A, 30 µM LA elicited a robust and
reversible increase in [Ca2+]i in a subset of rat TGNs. The inset in Fig. 2.1 shows the
concentration-response function for the ability of LA to elicit significant [Ca2+]i rise
where the EC50 for the response is approximately 17.5 µM. In subsequent experiments
exploring the detailed mechanism of this FA-induced signaling cascade, I have focused
on using 30 µM LA, a concentration that produced a significant, but not maximal,
response in TGNs. On average, approximately 65% of TGNs (n = 332) responded to LA
with an average increase in [Ca2+]i of 272.8 ± 9.4 nM. Neurons that showed less than a
100 nM change in [Ca2+]i were counted as non-responders and cells that did not return to
near baseline Ca2+ levels after LA application were excluded from subsequent analyses.
To determine if LA was capable of depolarizing rat TGNs, patch clamp recording
was performed in the whole cell current clamp configuration. I tested 9 neurons for LAinduced depolarization, which have an average resting (zero current) potential of -62.7 ±
3.3 mV. LA elicited a large depolarizing response averaging 61.5 ± 6.4 mV in 7 neurons.
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2 out of 9 neurons did not respond to the stimulus. Inherent in these LA-induced
responses were delays of about 2 min for both the imaging and electrophysiological
assays (Fig. 2.1A and Fig. 2.1B, respectively), though these two parameters were not
simultaneously measured in individual neurons in the present study. This significant
delay in time could not be solely attributed to perfusion delays from the bath application
system because the delay was not seen with activation of TGNs by other pungent stimuli
(data not shown). Moreover, of the FAs examined (see Table 2.1), another
polyunsaturated FAs DHA showed a similar consistent delay as LA, while the
monounsaturated and saturated FAs had a more variable response time, but once initiated,
generated a much more rapid [Ca2+]i rise.
Other classes of FAs activate TGNs. To determine the specificity of FA
responses in rat TGNs, I performed a series of experiments using several FAs varying in
carbon length, position and number of double bonds (Table 2.2). Fig. 2.2 A-D shows
representative Ca2+ responses of various bath applied FAs (30 µM). One of the diet-rich
monounsaturated FAs, oleic acid (OA, C18:1) elicited rapid, reversible rise in [Ca2+]i
which often showed biphasic characteristics (n=19/83). Another medium chain saturated
FA, myristic acid (MA, C14:0), showed a response type similar to OA (n=39/151). It
consistently caused a rapid and sometimes biphasic rise in [Ca2+]i in a subset of TGNs as
well. DHA (C22:6), another polyunsaturated omega-3 FA, elicited the [Ca2+]i changes in
a similar manner with LA. However, caproic acid (C6:0), a short chain saturated FA,
failed to elicit a rise in [Ca2+]i in TGNs (n=72). Additional differences between MA and
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OA responses and those generated by LA (Fig. 2.1A) and DHA were that responses to
the former FAs adapted, while those to LA and DHA did not.
To determine the specificity of the FAs responsiveness on individual TGNs, I
applied several different classes of FAs (LA, OA and MA) to the same individual cells.
As stated above, about 65% TGNs responded to LA, which comprised the biggest
responding population to FAs. OA and MA could activate TGNs separately in some
cases, however, most neurons responded to OA and MA were also LA-responsive.
Therefore, I counted the number of neurons that were LA and OA and/or MA sensitive.
As shown in Fig. 2.2E, 23% (n=83) of the LA-sensitive neurons were also OA-sensitive,
while 26% (n=151) of LA-sensitive neurons were MA-sensitive. Moreover, a small
proportion of neurons (4%; n=58) responded to all three FAs.
LA-induced [Ca2+]i increases depend to varying degrees on extracellular Ca2+
but not on extracellular Na+. Since LA reliably elicited [Ca2+]i changes and membrane
depolarization in rat TGNs, I next conducted a series of imaging experiments to
determine the dependence of the LA-induced [Ca2+]i increases on extracellular Na+ and
Ca2+ and the relative contribution of intracellular Ca2+ stores to this process. To
determine if extracellular Na+ influx was contributing to [Ca2+]i increase, I conducted
calcium imaging experiments using a saline solution whereby I substituted for Na+ with
N-methyl-D-glucamine (NMDG). Half of the experiments were conducted using Na+-free
solution first followed by a regular Tyrode’s solution, while the rest were conducted in
the reverse order. As shown in Fig. 2.3A and 2.3B, Na+ substitution did cause a small but
significant decrease in the magnitude of the LA-induced rise in [Ca2+]i. There were no
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obvious order effects in these experiments. Further, to avoid the response amplitude
differences caused by cell to cell variation, I normalized each cell’s LA-induced [Ca2+]i
increase in Na+ free solution with the LA-induced [Ca2+]i increase in regular Tyrode’s
solution. The resulting percentages were used as the functional output to further compare
across groups. Fig. 2.3C showed the comparison of the normalized percentages between
regular Tyrode’s (100%) and Na+ free Tyrode’s (92.0 ± 2.9 %; n=138; P=0.006, paired
Student’s t-test). The deduction by Na+ substitution was only 8%, which indicated that it
is probably not physiologically relevant.
In contrast to extracellular Na+ substitution, removal of extracellular Ca2+ lead to
significant reduction in LA-induced [Ca2+]i increase in over 70% of neurons examined
(Fig. 2.3D, 2.3E), which indicated a role for extracellular Ca2+ entry in these responses.
However, the dependence of the LA-induced [Ca2+]i rise upon extracellular Ca2+ was
highly variable among cells (Fig. 2.3D-F). Using the same normalization method, the
percentages of LA-induced [Ca2+]i increase in Ca2+ free Tyrode’s over the LA-induced
[Ca2+]i increase in regular Tyrode’s were used as the functional output. According to
these normalized percentages, I divided TGNs into two classes—the ones that have the
normalized percentages less than 50% (mean percentage 24.1 ± 1.6%; n=114), and the
ones that have the normalized percentages greater than 50% (mean percentage 72.9 ±
2.5%; n=48). These data revealed that about 70% (n=162) of the cells tested in this
manner showed greater than a 50% reduction in the magnitude of the LA-induced [Ca2+]i
increase upon removal of extracellular Ca2+. Nevertheless, although performed in the
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same condition, there were 30% (n=162) of neurons that showed little dependence of
extracellular Ca2+.
Thapsigargin treatment blocked LA-induced [Ca2+]i increases in a subset of
TGNs. Data shown in Fig. 2.3 indicated extracellular Ca2+ played important role in LAinduced TGNs responses, but it also became apparent that Ca2+ release from intracellular
stores was contributing to the overall changes in [Ca2+]i during LA application in many of
the neurons examined. To determine the role of intracellular Ca2+ release, TGNs were
pretreated for up to 1.5 hour with thapsigargin (1 µM), a non-competitive SERCA
(sarco/endoplasmic reticulum Ca2+ ATPase) inhibitor, which leads to the depletion of
intracellular Ca2+ stores. Most TGNs treated with thapsigargin showed an approximately
2.5-3 fold increase in basal/resting Ca2+ levels, which might indicate the activation of
store operated Ca2+ entry (SOCE) during store depletion (15-17). Application of LA
elicited a rapid decrease in basal Ca2+ concentration because of its ability to inhibit SOCE
(16) followed by its characteristic slow increase due to LA stimulation (i.e. Fig. 2.1, 2.3).
After the depletion of Ca2+ stores, TGNs were still capable of responding to LA, though
there appeared to be two classes of neurons again—more than 68% of neurons (n=119)
contained predominantly thapsigargin-sensitive stores (TG+), characterized by a
complete inhibition of LA-induced responses in Ca2+-free extracellular solution (Fig.
2.4B and 2.4C) (from 193.8 ± 14.6 nM to 4.7 ± 1.1 nM; n=81), while the remainder of
cells (32%; n=119) responded robustly to LA and these responses were not significantly
inhibited by extracellular Ca2+ removal (Fig. 2.4A and 2.4C) and were broadly classified
as thapsigargin-insensitive (TG-) (from 350.3 ± 28.1 nM to 305.4 ± 30.0 nM; n=38).
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Interestingly, the magnitude of LA-induced [Ca2+]i increase in TG- neurons (350.3 ± 28.1
nM) was significantly greater than TG+ neurons (193.8 ± 14.6 nM ) (Fig. 2.4C, P<0.001),
which might be another hint of the differences of thapsigargin sensitivity between the two
classes of TGNs.
Activation of G protein and phospholipase C pathways in LA-induced
depolarization. GPR120 is a long chain polyunsaturated FAs receptor, which has been
shown to play an instrumental role in the FA-induced [Ca2+]i rise in enteroendocrine cell
line STC-1 cells (18-20). GPR40 is another long chain polyunsaturated FAs receptor that
proved to play a role in FA-induced insulin secretion in pancreatic β cells (20, 21). In this
dissertation research, I checked this group of FA-sensitive GPCRs in trigeminal ganglia
with quantitative real time PCR (qRT-PCR). As shown in Fig. 2.5F, these GPCRs were
all expressed in trigeminal ganglia, although the expression level differed dramatically. In
order to confirm the role of G protein in the signaling pathway, I examined the effect of
blocking G protein activation with the reversible blocker GDP-β-S (1 mM) on LAinduced depolarization. In current clamp recording, GDP-β-S was included in the
intracellular solution and membrane potential was recorded 2-3 minutes after achieving
the whole cell configuration. LA-induced depolarization was significantly reduced in
presence of GDP-β-S (14.3 ± 4.9 mV; n=4; p<0.001; Fig. 2.5A, 2.5D, 2.5E) compared to
control (61.5 ± 6.4 mV; n=7; p<0.001; Fig. 2.5A, 2.5E) TGNs. Next, I determined the
involvement of PLC in LA signaling in TGNs. Depolarization in response to LA is
significantly reduced in presence of the PLC blocker U73122 (3 µM) (25.8 ± 4.6 mV;

47
n=8; Fig. 2.5B, 2.5E) compared to the treatment with the inactive analog U73343 (3 µM)
(61.3 ± 2.6 mV; n=7; p<0.005; Fig. 2.5C, 2.5E).
Discussion
The prevailing view of how fats are detected in oral cavity is attributed largely to
their textural properties (22, 23). Inherent in this viewpoint is the assumption that fats or
their chemical constituents are capable of activating the somatosensory system. However,
direct evidence about the ability of fats to stimulate somatosensory system is lacking and
the mechanisms by which they do so remain to be elucidated. Dietary fat, presumably in
the form of triglycerides contains a significant amount of FAs like linoleic and oleic acids
(24, 25). The amount of FAs would further increase by hydrolysis during heating (26).
Our results demonstrated that FAs could stimulate a [Ca2+]i increase as well as directly
depolarize TGNs, which provided the first direct evidence that FAs may act as
somatosensory stimuli at concentrations found in vivo.
I further attempted to unravel the LA-initiated signaling cascade that leads to the
[Ca2+]i rise. Careful studies of Na+ substitution revealed that LA-induced [Ca2+]i increase
was reduced about as low as 8% across all the neurons I tested. This result indicated that
the extracellular Na+ did involve in the general FA-sensitive signaling, but the small
amount of reduction suggested its role not crucial. Meanwhile, I performed the parallel
study of substituting for extracellular Ca2+.

Interestingly, the Ca2+ dependence of

responses to LA varied across neurons. Over 65% TGNs showed more than 50%
reduction in the magnitude of LA-induced Ca2+ responses, while the rest (~35%)
appeared independent of extracellular Ca2+. Although this variability precludes me from
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making any definite conclusions about the role of extracellular Ca2+ in LA-induced
responses, it did lead to the interpretation that there may be different classes of neurons in
respect to their ability in responding to FAs. Furthermore, these results indicated that
there may be differences in the relative involvement of intracellular Ca2+ stores in the LA
signaling pathway. I took the use of the non-competitive SERCA inhibitor thapsigargin in
this study. Interestingly, thapsigargin blocked the LA-induced [Ca2+]i rise in 68% of
TGNs, which was consistent with the percentage of neurons that were dependent of
extracellular Ca2+. On the other hand, the neurons that were independent of extracellular
Ca2+ seemed to have the thapsigargin-insensitive stores. The underlying physiological
function differences between these two groups are still unclear.
There are several receptor candidates of FAs that have been identified recently.
These include, a group of FA-sensitive GPCRs and the FA translocase, CD36 (18, 2730). Long chain FAs receptor GPR40, for example, has been reported to amplify glucosestimulated insulin secretion in pancreatic β cells (20, 21). GPR120, another long chain
unsaturated FAs receptor, was thought to regulate the GLP-1 secretion in enteroendocrine
cell line STC-1 (18). In this dissertation, I first showed the mRNA expression of FAsensitive GPCRs in trigeminal ganglia. Further, I checked whether G protein/PLC
pathway was involved in the signaling cascade. The results from pharmacological studies
using G protein blocker GDP-β-S and general PLC blocker U73122 yielded results
consistent with the interpretation that the G protein/PLC pathway was involved in the
FAs (i.e. LA) signaling pathways in TGNs. Nevertheless, direct evidence implicating the
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involvement of specific GPCRs as FAs receptors in somatosensory neurons will require
additional studies.
TGNs responded to a series of FAs, which varied in carbon chain length, and the
number and position of double bonds. I observed significant delays in FA-evoked
physiological changes in [Ca2+]i and in membrane depolarization, which was particularly
evident for polyunsaturated FAs. While the nature of this delayed response is not clear,
there could be several explanations. First, the LA-induced [Ca2+]i increase after store
depletion indicates that SOCE might be involved. It was reported that some potential
components in the SOCE pathways might exhibit physiologically relevant, slow
responses (31, 32). Secondly, FA-induced activation of sensory neurons might involve
other membrane proteins, like CD36 (30, 33). The exact mechanisms of FAs’ binding to
GPCRs and the involvement, if any, with the FAs transporter CD36 is unclear (34). A
rate limiting process might exist to slow the physiological response seen in these
experiments. Thirdly, I tried other FAs which include OA, MA, and DHA. The [Ca2+]i
increases to OA (long chain monounsaturated FA) and MA (medium chain saturated FA)
were faster than LA and DHA, which suggested that they might activate different
receptors (28, 35). The details of the cellular/molecular explanations of the delay remain
to be studied.
A significant confounding variable in studying isolated TGNs lies in the fact of
the mixed population of polymodal neurons. The trigeminal nerve contains both efferent
and afferent nerves, not to mention its innervations to the face, nasal and neck areas.
Indeed, I observed the variations among TGNs in the extracellular Ca2+ substitution and
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thapsigargin treatment experiments, consistent with there being multiple populations of
cell types that are capable of responding to FAs. However, the underlying physiological
explanations of these variations remained unanswered. To this end, however, I will
partially answer this question in Chapter 3, by using pseudorabies virus constructs as a
“live-cell tracer,” to identify that subpopulation of neurons that innervates the oral cavity.
My studies of FAs activating somatosensory system provide new insights into the
dietary fat detection in oral cavity. The somatosensory system apparently recognizes not
only the triglyceride form of fat but also shows strong cellular activation by FAs, the
proximate stimulus for fat “taste.” Future studies on identified subpopulations of TGNs
may better refine the transduction pathways including identifying the FA-activated TRP
channels, their relationship with intracellular Ca2+ store, and direct evidence of GPCRs
involvement in the FA-transduction pathway.
References
1.

Caterina MJ, et al. (1997) The capsaicin receptor: a heat-activated ion channel in
the pain pathway. Nature 389: 816-824.

2.

McKemy DD, Neuhausser WM, Julius D (2002) Identification of a cold receptor
reveals a general role for TRP channels in thermosensation. Nature 416: 52-58.

3.

Peier AM, et al. (2002) A TRP channel that senses cold stimuli and menthol. Cell
108: 705-715.

4.

Bautista DM, et al. (2005) Pungent products from garlic activate the sensory ion
channel TRPA1. Proc Natl Acad Sci U S A 102: 12248-12252.

5.

Bautista DM, et al. (2008) Pungent agents from Szechuan peppers excite sensory
neurons by inhibiting two-pore potassium channels. Nat Neurosci 11: 772-779.

6.

Stewart JE, et al. (2010) Oral sensitivity to fatty acids, food consumption and
BMI in human subjects. Br J Nutr: 1-8.

51
7.

Yoneda T, et al. (2009) Assessing palatability of long-chain fatty acids from the
licking behavior of BALB/c mice. Physiol Behav 96: 735-741.

8.

Pittman DW, et al. (2008) Orosensory detection of fatty acids by obesity-prone
and obesity-resistant rats: Strain and sex differences. Chem Senses 33: 449-460.

9.

Li Y, Garcia-Gonzalez DL, van de Voort F (2008) Determination of free fatty
acids in edible oils with the use of a variable filter array IR spectrometer. J Am
Oil Chem Soc 85: 599-604.

10.

Gilbertson TA, Fontenot DT, Liu L, Zhang H, Monroe WT (1997) Fatty acid
modulation of K+ channels in taste receptor cells: Gustatory cues for dietary fat.
Am J Physiol 272: C1203-1210.

11.

Bhattacharya MR, et al. (2008) Radial stretch reveals distinct populations of
mechanosensitive mammalian somatosensory neurons. Proc Natl Acad Sci U S A
105: 20015-20020.

12.

Stucky CL, Lewin GR (1999) Isolectin B(4)-positive and -negative nociceptors
are functionally distinct. J Neurosci 19: 6497-6505.

13.

Liu L, Chang GQ, Jiao YQ, Simon SA (1998) Neuronal nicotinic acetylcholine
receptors in rat trigeminal ganglia. Brain Res 809: 238-245.

14.

Liu L, Simon SA (2000) Capsaicin, acid and heat-evoked currents in rat
trigeminal ganglion neurons: relationship to functional VR1 receptors. Physiol
Behav 69: 363-378.

15.

Hoth M, Penner R (1992) Depletion of intracellular calcium stores activates a
calcium current in mast cells. Nature 355: 353-356.

16.

Yang KT, Chen WP, Chang WL, Su MJ, Tsai KL (2005) Arachidonic acid
inhibits capacitative Ca2+ entry and activates non-capacitative Ca2+ entry in
cultured astrocytes. Biochem Biophys Res Commun 331: 603-613.

17.

Chang WC, Parekh AB (2004) Close functional coupling between Ca2+ releaseactivated Ca2+ channels, arachidonic acid release, and leukotriene C4 secretion. J
Biol Chem 279: 29994-29999.

18.

Hirasawa A, et al. (2005) Free fatty acids regulate gut incretin glucagon-like
peptide-1 secretion through GPR120. Nat Med 11: 90-94.

19.

Tanaka T, et al. (2008) Free fatty acids induce cholecystokinin secretion through
GPR120. Naunyn Schmiedebergs Arch Pharmacol 377: 523-527.

52
20.

Morgan NG, Dhayal S (2009) G-protein coupled receptors mediating long chain
fatty acid signalling in the pancreatic beta-cell. Biochem Pharmacol 78: 14191427.

21.

Itoh Y, et al. (2003) Free fatty acids regulate insulin secretion from pancreatic
beta cells through GPR40. Nature 422: 173-176.

22.

Mattes RD (2009) Is there a fatty acid taste? Annu Rev Nutr 29: 305-327.

23.

Rolls ET (2008) The affective and cognitive processing of touch, oral texture, and
temperature in the brain. Neurosci Biobehav Rev 34: 237-245.

24.

Bertran E, et al. (1999) Determination of olive oil free fatty acid by Fourier
transform infrared spectroscopy. J Am Oil Chem Soc 76: 611-616.

25.

Wan PJ, Pakarinen DR, Wakelyn PJ (1998) Concerns for the determination of
free fatty acid in cotton seed. J. Am. Oil Chem. Soc 75: 1321-1324.

26.

Orthoefer FT, Gurkin S, Liu L (1996) Deep frying: Chemistry, nutrition, and
practical applications (AOCS Press, Champaign, IL).

27.

Briscoe CP, et al. (2003) The orphan G protein-coupled receptor GPR40 is
activated by medium and long chain fatty acids. J Biol Chem 278: 11303-11311.

28.

Brown AJ, et al. (2003) The Orphan G protein-coupled receptors GPR41 and
GPR43 are activated by propionate and other short chain carboxylic acids. J Biol
Chem 278: 11312-11319.

29.

Ibrahimi A, Abumrad NA (2002) Role of CD36 in membrane transport of longchain fatty acids. Curr Opin Clin Nutr Metab Care 5: 139-145.

30.

Laugerette F, et al. (2005) CD36 involvement in orosensory detection of dietary
lipids, spontaneous fat preference, and digestive secretions. J Clin Invest 115:
3177-3184.

31.

Kim SJ, et al. (2003) Activation of the TRPC1 cation channel by metabotropic
glutamate receptor mGluR1. Nature 426: 285-291.

32.

Amaral MD, Pozzo-Miller L (2007) TRPC3 channels are necessary for brainderived neurotrophic factor to activate a nonselective cationic current and to
induce dendritic spine formation. J Neurosci 27: 5179-5189.

33.

Abumrad NA (2005) CD36 may determine our desire for dietary fats. J Clin
Invest 115: 2965-2967.

53
34.

Su X, Abumrad NA (2009) Cellular fatty acid uptake: a pathway under
construction. Trends Endocrinol Metab 20: 72-77.

35.

Wang J, Wu X, Simonavicius N, Tian H, Ling L (2006) Medium-chain fatty acids
as ligands for orphan G protein-coupled receptor GPR84. J Biol Chem 281:
34457-34464.

54
Table 2.1: The primer sequences for GPR40, 43, 120 and CD36.

Target

GenBank
Accession No.

Sense primer/Antisense primer/Probe
5’-TTCTTTCTGCCCTTGGTTAT-3’

GPR40

NM_153304

5’-GCCCTGAGCTTCCGTTTG-3’
5’-ACTGCTTTCTGCTATGTGGGCTGCCTC-3’
5’-GCGGGCATCAGCATAGAA-3’

GPR43

NM_001005877

5’-CCCACCTGCTCGGTTGAGTT-3’
5’-TGGCTTTCCCGGTGCAGTACAAGCTATC-3’
5’-CTGCACATTGGATTGGC-3’

GPR120

AB207868

5’-TCTGGTGGCTCTCGGAGTAT-3’
5’-CTCTTCCGCGAGGCTTTCGTGATCTGT-3’
5’-GGTGTGCTGGACATTGG -3’

CD36

AF072411

5’-CTATGCTCATCTTCGTTAGG -3’
5’-TCAAGCCTTCGATAGGTTCTGAGACATCA-3’

Correspondi
ng nucleotide
sequence
575-594
652-669
596-622
301-318
451-470
332-359
624-640
783-802
738-764
1000-1016
1108-1127
1077-1105
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Table 2.2: The structural information of fatty acids used in the present study.

Compounds
Caproic acid
Myristic acid
Oleic acid
Linoleic acid
Arachidonic acid
Docosahexaenoic
acid

Structural
Nomenclature
C6:0
C14:0
C18:1, n-9
C18:2, n-6
C20:4, n-6
C22:6, n-3

Bond Positions

Response in TGNs

Δ9
Δ9, 12
Δ5, 8, 11, 14

no response
Yes (26%, n=151)
Yes (23%, n=83)
Yes (65%, n=332)
Yes (36%, n=22)

Δ4, 7, 10, 13, 16, 19

Yes (59%, n=22)
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Figure 2.1: Linoleic acid elicits a rise in [Ca2+]i and depolarize TGNs. Bath application of
LA (30 µM) induces increase in intracellular calcium concentration (A) and
depolarization (B) in acute isolated TGNs. Inset, the concentration-response function for
LA-activated [Ca2+]i in TGNs.
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Figure 2.2: Other fatty acids activate TGNs. The long chain monounsaturated fatty acid,
oleic acid (30 µM) (A) and the medium chain saturated fatty acid myristic acid (30 µM)
(B) activate rapid, biphasic and adapting [Ca2+]i increases in TGNs. Another long chain
polyunsaturated fatty acid docosahexaenoic acid (DHA, 30 µM) (C) elicits [Ca2+]i
increases in a similar time course as LA (Fig. 2.1A). The short chain saturated fatty acid
caproic acid (30 µM) (D) failed to activate TGNs. (E) shows the relative proportions of
cell responses. In adult rat TGNs, 65% (n=332) of TGNs respond to LA, 23% (n=83) and
26% (n=151) of LA-responded cells respond to oleic acid and myristic acid, respectively.
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Figure 2.3: Ionic dependence of the LA-induced [Ca2+]i increase. LA (30 µM) induced
similar [Ca2+]i in Tyrode’s and Na+ free Tyrode’s solutions (A) even in the reverse order
(B). (C) Comparison of LA-induced [Ca2+]i increase in regular Tyrode’s solution and Na+
free Tyrode’s solution. The response amplitude in Na+ free Tyrode’s is significantly less
than Tyrode’s solution (C). (D-F) LA-induced [Ca2+]i in Tyrode’s, Na+ free Tyrode’s and
Ca2+ free Tyrode’s solutions. The [Ca2+]i increase could be dependent (D), moderately
dependent (E) or independent of extracellular Ca2+ in subsets of TGNs.
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Figure 2.4: Thapsigargin treatment blocked the LA-induced [Ca2+]i increase in a subset of
TGNs. Thapsigargin (TG) pretreated TGNs respond to LA (30 µM) in two different ways
in TGNs. (A) shows a representative response of TGNs that have TG-insensitive stores,
(B) shows a representative response of TGNs that have TG-sensitive stores. (C)
Comparison of LA-induced [Ca2+]i changes ± SEM in Tyrode’s and Ca2+ free Tyrode’s
solutions in TG-insensitive TGNs and TG-sensitive TGNs. LA-induced [Ca2+]i changes in
Tyrode’s solution were significantly different between TG-insensitive TGNs and TGsensitive TGNs. In TG-sensitive neurons, LA-induced [Ca2+]i changes in Ca2+ free
Tyrode’s was significantly smaller than in Tyrode’s solution. *, P<0.001
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Figure2.5: Current clamp studies in TGNs held at their zero current level show that
depolarization in response to LA is greatly reduced upon blocking activity of G protein
and phospholipase C (PLC). LA-induced depolarization in control (A), U73122 (3 µM)
treated (B) and in U33433 (3 µM, the inactive analog of U73122) treated (C) GDP-β-S (1
mM) treated (D), TGNs. (E) Mean responses ± SEM of 30 µM LA in control conditions,
GDP-β-S treatment, U73122 & U73343 treatments in TGNs. (F) Relative expression of
fatty acids sensitive proteins: CD36, GPR40, GPR43, GRP120 and GPR84. *, P<0.001.
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CHAPTER 3
PSEUDORABIES VIRUS NERVE TRACING REVEALS LINGUAL
TRIGEMINAL GANGLIONIC NEURONS ARE ACTIVATED BY FATTY ACIDS
Abstract
Fatty acids (FAs) are capable of activating a subset of neurons isolated from the
trigeminal ganglia in adult rats, consistent with the ability of these compounds to act as
somatosensory stimuli (Chapter 2). These experiments, like the majority of research done
on the cellular neurophysiology of trigeminal ganglionic neurons (TGNs), are
confounded by the fact that neurons from the trigeminal ganglia are a mixed population
of cells of both afferent and efferent origins which innervate multiple sites within the
region of the head.

In this study, I adopted and refined the technique of using

pseudorabies virus (PrV) as a trigeminal nerve tracer. The goal of this series of
experiments was to validate in a population of TGNs that innervate the tongue, my earlier
findings showing that FAs could cause a rise in intracellular calcium concentration
([Ca2+]i) in TGNs and lead to membrane depolarization. PrV-KaΔgGgfp injected to the
tongue successfully labeled a population of lingual-innervated TGNs. Quantitative realtime PCR on individual neurons showed several transient receptor potential (TRP)
channel markers were expressed, as expected, in PrV-labeled TGNs. Of these, TRPM8,
which is normally expressed in only 17% of TGNs (1), was widely expressed in PrVlabeled TGNs. Several FAs were able to activate PrV-labeled TGNs, as well as PrVunlabeled ones, which indicated that PrV was only capable of labeling a subpopulation of
linoleic acid (LA)-sensitive TGNs. Ion substitution experiments conducted using calcium
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imaging revealed that the LA-induced [Ca2+]i increase in PrV-labeled TGNs was not
dependent on extracellular Ca2+ influx, but on the intracellular Ca2+ stores release.
Thapsigargin treatment further confirmed the role of intracellular Ca2+ stores in the LA
signaling in lingual TGNs.
Introduction
Primary sensory neurons of trigeminal nerve in the peripheral nervous system
(PNS) are providing most of the somatosensory information in the head. They mediate
mechanical, thermal, and chemosensory information from many tissues, including the
meninges, the cornea and conjunctiva of the eyes, the facial skin, and the mucous
membranes of the oral and nasal cavities. Therefore, single TGNs mediate sensations
from selective areas of the head and is specialized for different qualities of
somatosensory information (2). However, once the ganglia are taken out for
experimentation, the information of “where these neurons come from” and “what are
their functions” is lost. Conventional strategies of identification of neurons by either
soma diameter sizes or pharmacological markers are not comprehensive and may lead to
misidentification of the function and origin of individual TGNs.
Pseudorabies virus (PrV) is a swine herpesvirus of the Alphaherpesvirinae
subfamily, which cause Aujeszky’s disease in pigs. It is a neurotropic virus by nature
which invades neurons and produces infectious progeny that cross synapses to infect
other neurons in the same circuit. That is, PrV spreads faithfully among the functionally
connected neurons (synapses), rather than simply releasing virus particles into the
extracellular environment (3). These features make PrV a good tool as a neural circuit
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tracer. Recently, several studies have shown that PrV-Bartha and PrV-Kaplan strains
could be utilized to identify TGNs that innervate the mucous membranes of the nasal
cavity or the epithelial cells of the facial skin (4, 5). The attenuated strain PrV Bartha, is
the most widely used tracing PrV. It spreads only in the retrograde direction. The wildtype PrV-Kaplan strain, on the other hand, is capable of spreading in both anterograde
and retrograde directions (3). However, for tracing primary TGNs from the terminal
organs, no trans-synaptic passage of viral particles is needed. Therefore, the data obtained
with PrV-Kaplan infection would be comparable with data from PrV-Bartha strain
infection, although the post-inoculation-time-window is different (5). For the PrV-Bartha
strain, about 40 hours post inoculation (hpi) would be needed to observe a robust PrVmediated expression of marker proteins in the TGNs. Longer hpi would cause the
secondary infection, leading to potential unspecific labeling (4). For the PrV-Kaplan
strain, the expression of the marker protein GFP was found expressed as early as 12 hpi.
The nonspecific spread was observed after 24 hpi (5). Furthermore, evidence has shown
that careful electrophysiology and calcium imaging studies after the PrV-Bartha and PrVKaplan infections revealed no detectable influences of PrV infection on many
physiological properties including the resting membrane potentials, threshold for
activation of voltage-gated sodium channels and amplitude of the inward current initiated
by TRP channel agonists menthol and capsaicin (for TRPM8 and TRPV1, respectively)
(4, 5).
PrV has been injected into the tongue successfully by Card, et. al as early as 1990
(6). A later study had successfully identified the neural circuits that innervate the tongue
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muscles using PrV-Bartha strain (7). In my present study, I used the PrV-Kaplan strain
with GFP as the reporter gene (PrV-KaΔgGgfp) to trace the tongue-innervated population
of TGNs. Using this population of lingual TGNs (i.e. PrV-labeled), I validated my earlier
findings conducted in the entire TGNs population (Chapter 2) which showed that FAs
were capable of activating these cells, consistent with the ability of FAs to activate the
somatosensory system. My results have refined these data to demonstrate unequivocally
the ability of FAs to activate lingual TGNs.
Materials and Methods
PrV recovery procedure. The DNA construct of PrV-Kaplan derived
recombinant PrV-KaΔgGgfp was a generous gift from Prof. Mettenleiter at FriedrichLoeffler-Institut, Bundesforschungsinstitut für Tiergesundheit, Germany. For virus
recovery, the DNA construct was transfected into porcine kidney (PK15) cells (ATCC,
Manassas, VA) using SuperFect Transfection Reagent (Qiagen, Valencia, CA). Virus was
collected for infection of fresh PK15 cells to obtain a higher titer when the complete
cytopathic effect (CPE) was shown. The virus was further propergated on monolayer of
PK15 cells and finally titered with 1% methocel and 1X DMEM semisolid medium
mixture supplemented with 2% FBS and penicillin/streptomycin (100 U/ml). The virus
stocks with the titer of 107 to 108 plaque forming units (PFU) per ml were aliquoted into
100 µl stocks and fronzen at -80 °C for future use. The stocks remain viable for at least 1
year without loss of infectivity. At the times of infection, stocks were removed from the
freezer and kept on ice until use.
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PrV stock titer. A 1% methocel, 1X DMEM semi-solid medium was prepared by
mixing 2% methocel and 2X DMEM media. The virus sample was thawed and frozen
three times followed by a 10 seconds sonication with 1 second pulses at 40% amplitude.
A 10 fold serial dilution of virus stock was made to obtain the low concentration virus.
To determine the titer, the virus dilutions were plated on PK15 monolayer with the 1%
methocel, 1X DMEM semi-solid medium. This semi-solid medium facilitates the
formation of plaques by physically blocking the diffusion of the virus. The plaques could
be visible after 2-3 days of culture by staining the cells with 0.5% methylene blue in 70%
methanol.
PrV injection procedure. The study was conducted using P0-P7 neonate
Sprague-Dawley rats. The animals were maintained on a 12-hour: 12-hour light cycle
with water and food available ad libitum. All animal experimental procedures were
reviewed and approved by the Laboratory Animal Research Center, Utah State
University. The virus-infected animals were kept separate, and biosafety level 2 (BSL2)
procedures were used.
For tongue injection, neonate rats were anesthetized with hypothermia. Each
neonate rat was put in a latex glove finger to avoid freeze damage to the skin. The latex
wrapped animals were immersed into ice-water mixture for 3.5 to 4 minutes. The
anesthetized neonate rats were placed on their backs and a blunt tip forceps were used to
gain access to the tongue. Ten µl of viral suspension (~108 PFU/ml) was injected to the
tongue with a pre-sterilized Hamilton syringe (25 µl) with 26s gauge and a sharp tip
needle. The virus was injected from the back of the tongue proceeding in an anterior
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direction (i.e. toward the tip) while withdrawing the needle. The entire injection
procedure took less than 30 seconds to complete. The animals were recovered from
anesthesia under an incandescent lamp, and transferred to their mother.
Acute isolation of trigeminal ganglionic neurons. All surgical and experimental
procedures were reviewed and approved by the Institutional Animal Care and Use
Committee, Utah State University. TGNs were isolated according to methods modified
from Simon and colleagues (8, 9). Pseudorabies virus injected Sprague-Dawley P0-P7
neonate rats were deeply anaesthetized by hypothermia (see above). The paired
trigeminal ganglia were then harvested and diced into small pieces into Hank’s balanced
salt solution (HBSS), followed by 45-minute incubation with 2.5 mg/ml collagenase
(Type XI-S) at 37°C in HBSS and a 10-minute incubation at 37°C in 100 µg/ml DNase I
in culture medium (DMEM/F-12 1:1 medium supplemented with 10% FBS and 400
µg/ml Foscarnet (Alfa Aesar, Ward Hill, MA) and 100 µg/ml penicillin/streptomycin).
The neurons were centrifuged and resuspended in culture medium by gentle trituration
with a flame-polished Pasteur pipette. Subsequently, neurons were plated onto poly-Dlysine (0.1 mg/ml)-coated glass coverslips (15 mm in diameter) and cultured at 37°C in a
water-saturated atmosphere with 5% CO2. For collection of individual neurons for
quantitative real-time PCR (qRT-PCR), Foscarnet was excluded from the culture
medium. Either fluorescent large (soma diameter larger than 20 µm), fluorescent small
(soma diameter smaller than 20 µm) neurons or non-fluorescent neurons were chosen for
further studies. Neurons were cultured 1-2 hours after isolation for individual neurons
collection for qRT-PCR, or 24-36 hours for calcium imaging.
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Calcium imaging. TGNs were loaded with fura-2/AM (5 µM; Molecular Probes,
Eugene, OR) for 1 hour in Tyrode’s saline solution with 10% pluronic acid at 37 °C in
the dark. Cells were then rinsed and placed in culture medium for 30 minutes to allow the
de-esterification of the acetoxymethyl ester group from fura-2. The coverslips were
mounted into an imaging chamber (RC-25F and RC-26Z, Warner Instruments, Hamden,
CT), placed on an inverted microscope (Nikon, Eclipse TS100, Japan) and perfused
continuously with Tyrode’s. Neurons were illuminated with a 100-watt xenon lamp and
excitation wavelengths (340/380 nm) were delivered by a monochromator (Bentham
FSM150, Intracellular Imaging Inc., Cincinnati, OH) at a rate of 20 ratios per minute. A
470 nm light source coupled with a corresponding filter was used for detecting green
fluorescent protein expression. Fura-2 fluorescence was measured by a CCD camera
(pixelFly, Cooke, MI) coupled to a microscope and controlled by imaging software (Incyt
Im2TM, Intracellular Imaging). The ratio of fluorescence (340/380 nm) was directly
converted to calcium concentrations using a standard curve generated for the imaging
system using a Fura-2 calcium imaging calibration kit (Molecular Probes, Eugene, OR).
FAs were applied extracellularly with a bath perfusion system at a flow rate of 4 ml/min
permitting complete exchange of the extracellular solution in less than 20 seconds.
Solutions. Standard extracellular saline solution (Tyrode’s) contained (in mM):
140 NaCl, 5 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose, and 10 Na pyruvate; pH
7.40 adjusted with NaOH; 310 mOsm. Sodium-free saline (Na+ free Tyrode’s) contained
(in mM): 280 mannitol, 5 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose; pH 7.40
adjusted with TrisOH; 310 mOsm (adjusted with mannitol). Calcium free saline (Ca2+
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free Tyrode’s) contained (in mM): 140 NaCl, 5 KCl, 1 EGTA, 1 MgCl2, 10 HEPES, 10
glucose, and 10 Na pyruvate; pH 7.40 adjusted with NaOH; 310 mOsm. Thapsigargin (a
non-competitive SERCA (sarco/endoplasmic reticulum Ca2+ ATPase) inhibitor), and all
the FAs were purchased from Sigma (St. Louis, MO). The LA and oleic acid (OA) stocks
were made in 100% ethanol and stored under nitrogen. The myristic acid (MA) stock was
made in distilled water. The working solutions were made from stock solutions
immediately prior to use.
Quantitative real-time PCR (qRT-PCR). For qRT-PCR analysis on limited
numbers of identified TGNs were collected under an inverted microscopy using
borosilicate hematocrit capillary pipettes. The capillary pipettes were pulled and firepolished to a bore slightly smaller that the size of the cell to guard against collection of
cell debris. Target cells were sucked into unfilled collection pipettes, which were
controlled by a micromanipulator. After capture, the tip of the pipette was broken into a
0.5 ml microfuge tube containing 50 µl RLT buffer (supplemented with Bmercaptoethanol) from the RNeasy Micro Kit (Qiagen) and kept on ice. Total RNA
isolated using the RNeasy Micro kit and MessageBOOSTER kit was used for
amplification. In this study, we collected PrV-labeled medium to large cells (soma
diameter >20 µm), PrV-labeled small cells (soma diameter < 20 µm) or non-fluorescent
mixed cells to assay for TRPM8 or TRPA1 expression. The HotMaster Taq DNA
polymerase kit was used for the PCR reaction, and 1 µl cDNA per reaction was amplified
using a 2-step PCR (6-second denaturation, 60-second annealing and extension). A
TaqMan (ABI, Foster City, CA) detection system was used to detect the specific targets
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and a housekeeping gene GAPDH, for comparison of expression levels. The primers
were from either TaqMan Gene Expression Assays or designed by ourselves.
Statistical analysis. The significant effects of all the treatments were determined
by a two-tailed Student’s t-test (α=0.05) compared with their controls as described in the
text. Data are presented as mean ± SEM, unless otherwise indicated.
Results
PrV injected into the tongue successfully labeled a population of neurons in
the trigeminal ganglia. In the present study, I extended the use of PrV-KaΔgGgfp to
identify the population of TGNs that innervate the tongue. In order to obtain the best
infectious efficiency, I injected PrV into neonate rats instead of adult rats, which were
used in the previous studies of FAs responsiveness in TGNs. Following the procedures of
Rothermel et al. that showed inoculations of PrV-KaΔgGgfp to nasal cavity and skin took
about 12 hpi to reach the trigeminal ganglia. A 12-24 hpi time-window was initially
chosen to allow the broadest possible PrV infection, but the non-specific infection would
still be restricted (5). Foscarnet (400 µg/ml) was supplemented to the regular culture
medium for TGNs to inhibit the non-specific viral spread (4). Therefore, I injected PrVKaΔgGgfp into the tongue muscle in the vicinity of the lingual nerve without any lateral
restrictions in order to obtain the largest labeled neuron population in the trigeminal
ganglia. As shown in Fig. 3.1, 10% of all TGNs were expressing GFP, which indicated
their lingual origin. Different soma diameters (i.e. functional classes of cells) of acutely
isolated TGNs showed the expression of the reporter protein, although the smaller cells
with soma diameter less than ~20 µm were much more commonly observed.
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To validate that PrV-labeled TGNs included a subpopulation of sensory neurons
that were responsible for chemosensory somatosensation, I checked the expression of
TRPM8 and TRPA1 mRNA in individual PrV-labeled neurons using quantitative realtime polymerase chain reaction (qRT-PCR). However, I failed to find a consistent
relationship between neuron soma size and TRP channel expression in these PrV-labeled
TGNs. As indicated in Table 3.1, TRPM8 was consistently found in both PrV-labeled
medium to large (soma diameter more than 20 µm) and small (soma diameter less than 20
µm) neurons (n=9/13). In 2 out of 5 assays conducted with medium to large neurons,
TRPA1 was found. In small neurons, however, TRPA1 was not found in any assays
(n=6), but 5 out of 7 assays still showed TRPM8 expression. The non-labeled TGNs
showed both TRPA1 and TRPM8 expression (data not shown). I also performed calcium
imaging experiments to further verify the TRP channels expression. Both menthol and
mustard oil could activate portions of the PrV-labeled TGNs, although menthol was more
responsive in PrV-labeled TGNs, which was consistent with my molecular data (data not
shown). Taken together, the ‘live-cell’ tracing tool PrV-KaΔgGgfp was successfully
adopted and refined to my study for identifying a population of lingual-innervated,
somatosensory TGNs.
FAs activate a subpopulation of PrV-labeled, lingual-innervated TGNs. The
objective of developing the PrV labeling technique was to validate in lingual TGNs that
FAs could activate TGNs (Chapter 2). As shown in Fig. 3.2A and B, LA, OA and MA
(each at 30 µM) activated neonatal, PrV-labeled (i.e. lingual) TGNs in a similar manner
to the original total population of adult TGNs (Chapter 2). The time course of LA, OA
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and MA-induced [Ca2+]i

increases were comparable with my previous data—

polyunsaturated FAs activated TGNs in a slower, gradual manner; while responses to the
monounsaturated and saturated FAs have a more rapid onset and show adaptation.
However, the percentages of cells responding to each FA slightly increased in
PrV-labeled TGNs, compared to the previous data generated in adult TGNs (Fig. 3.2C).
There were 67%, 41%, and 31% of TGNs responding to LA, OA, and MA, respectively,
as compared to 65%, 23%, and 26% in the pooled data from adult rats. I further checked
whether there was a difference in the amplitude of LA-induced [Ca2+]i increase between
adult TGNs and neonatal TGNs (Fig. 3.2D, first two bars). In PrV-labeled TGNs, the LAinduced [Ca2+]i increase was 197.3 ± 4.7 nM (n=221), compared to 253.4 ± 9.3 nM
(n=241) in the TGNs isolated from adult rats. There was a significant difference (P<0.005)
between these two groups, mainly attributable to the differences between adult rat TGNs
and neonatal TGNs. On the other hand, the amplitudes of PrV-labeled TGNs (193.2 ± 7.2
nM; n=104) and PrV-unlabeled TGNs (200.9 ± 6.1 nM; n=117) were similar enough that
no obvious differences could be observed (Fig. 3.2D; P=0.41). These data suggested that
PrV was not able to isolate the whole population of LA-sensitive TGNs, but capable of
labeling a subpopulation of LA-sensitive TGNs.
LA-induced [Ca2+]i increase in PrV-labeled TGNs was not dependent on
extracellular sodium, but could be dependent on intracellular calcium release.
According to the features of PrV-labeled TGNs stated above, I performed a parallel series
of experiments on PrV-labeled TGNs to check the ionic dependence of LA-induced
[Ca2+]i increase as I did previously (Chapter 2). To determine if extracellular sodium
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(Na+) and calcium (Ca2+) influx was contributing to [Ca2+]i increase on PrV-labeled
TGNs, I conducted calcium imaging experiments with saline substituting mannitol for
extracellular Na+ for (Na+ free Tyrode’s) or EGTA for extracellular Ca2+ (Ca2+ free
Tyrode’s). Fig. 3.3A shows representative data of the LA-induced [Ca2+]i increase in
PrV-labeled TGNs in normal saline followed by Na+-free and Ca2+-free Tyrode’s
solutions. To eliminate the cell-to-cell variability and the underlying differences between
TGNs from adult and neonatal rats (Fig. 3.2D), I normalized each cell’s LA-induced
[Ca2+]i increase in Na+/Ca2+ free solution with the LA-induced [Ca2+]i increase in regular
Tyrode’s solution in the same cell. The resulting percentages were used as the functional
output to further compare across groups. Fig. 3.3B showed the comparison of the
normalized percentage in Na+ free Tyrode’s between adult TGNs and PrV-labeled TGNs.
In PrV-labeled TGNs, the [Ca2+]i increase in Na+ free Tyrode’s was 78.0 ± 3.0% (n=101)
of the response magnitude in regular Tyrode’s, which was not significantly different from
our previous result obtained in adult rats (P>0.05). Interestingly, the effects of Ca2+
substitution yielded results different from that in adult TGNs. In adult TGNs, there was
significant variation in the extracellular Ca2+ dependence of the LA responses, which was
taken as evidence of multiple cell types (Fig. 2.2 D-F). However, in PrV-labeled TGNs,
the LA responses were much more consistent, with cells showing little dependence upon
extracellular Ca2+. As shown in Fig. 3.3C, LA-induced [Ca2+]i increase in Ca2+ free
Tyrode’s composed of 89.2 ± 5.6% (n=100) of the magnitude of responses in normal
Tyrode’s in PrV-labeled TGNs, compared with averaged 43.1 ± 2.6% (n=177; P<0.001)
in the adult TGNs. Thus, in the PrV-labeled population of lingual-innervated TGNs, the
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LA-induced [Ca2+]i increase was mostly independent of extracellular Na+ and Ca2+, and
largely dependent on the release of Ca2+ from intracellular stores.
Thapsigargin treatment blocked LA-induced [Ca2+]i increases in PrV-labeled
TGNs. To further confirm the LA-induced [Ca2+]i increase is mainly coming from
intracellular Ca2+ stores, I used the SERCA inhibitor thapsigargin to deplete the Ca2+
store, and tested if LA could still activate the neurons. TGNs were pretreated with
thapsigargin (1 µM) for 1 hour before plating onto the imaging chamber. Again, similar
to the observations in adult TGNs, most thapsigargin pretreated TGNs including PrVlabeled and PrV-unlabeled ones showed basal Ca2+ level increases, which returned to
near control levels by LA stimulation (Fig. 3.4A and B). The activation of store operated
calcium entry (SOCE) during the intracellular Ca2+ store depletion might still be involved
in the LA-induced signaling (10-12). In this present study, the PrV-unlabeled TGNs (Fig.
3.4A) were regarded as the control group, because of the obvious underlying differences
between the TGNs from adult and neonatal rats (Fig. 3.2D). In PrV-unlabeled TGNs (Fig.
3.4A), application of LA still elicited a decrease in basal Ca2+ concentration as previously
because of its ability to inhibit SOCE (11), followed by the responses induced by LA
displayed their characteristic slow [Ca2+]i increases. In PrV-labeled TGNs (Fig. 3.4B),
thapsigargin treatment inhibited the LA-induced [Ca2+]i increase in the regular Tyrode’s
saline. In the Ca2+ removal experiments, however, in both PrV-labeled and PrV-unlabeled
TGNs, the LA-induced [Ca2+]i increase was abolished (Fig. 3.4 A and B). Fig. 3.4C
shows the mean responses in Tyrode’s and Ca2+ free Tyrode’s in both groups of PrV-
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labeled and PrV-unlabeled TGNs. Thus, I concluded that the [Ca2+]i increase initiated by
LA stimulation was mainly coming from the intracellular Ca2+ stores.
Discussion
Different strains of PrV inserted with marker protein genes have been developed
as molecular pathfinders in nervous system circuits. The host range of PrV has made it a
useful tool in a wide range of animal models but remains safe for laboratory workers.
Studies have been performed to determine the connections of the central nervous system
(CNS) to many peripheral organs and tissues, such as tongue (7), nose (4), adipose tissues
(13-16), muscle (17), heart (18), stomach (19), etc. In 2006, Damann and colleagues
utilized PrV as a ‘live-cell’ tracing tool to functionally separate a subpopulation of
specific organ-innervated TGNs (4). Besides the significant efforts they made to study
the conditions of using PrV as a reliable tracer for trigeminal nerve, they also made the
further attempts to investigate the physiological properties of TGNs after PrV infection.
According to their pioneering results, within carefully manipulated post-inoculation-timewindow, PrV was tracing from the peripheral injection sites to the first primary ganglia
faithfully. Specifically, although wild type Kaplan strain elicits a powerful inflammatory
response that minimizes the post-infectious duration of animal survival, this strain has a
much more rapid labeling time course and a much more effective labeling profile.
Therefore, as verified in the recent study, PrV-Kaplan based tracers appeared as a good
choice for functionally separating a population of specific tissue-innervated TGNs.
In my studies, I observed about 10% of TGNs labeled by PrV-KaΔgGgfp. It is
difficult to state how many TGNs have nerve fibers innervating oral cavity theoretically,
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since the adult trigeminal system still retains considerable plasticity (20). Specific marker
expression and physiological studies provided some degrees of classification information,
e.g. 25% of sensory neurons that are TRPA1 and TRPV1 positive nociceptors, while
TRPM8 appeared in a separate 20% unmyelinated C fiber and myelinated Aδ fibers
neurons that does not express either TRPA1 or TRPV1 (1, 21). However, a particular
receptor expressed neuron does not necessarily respond only to the specific chemical
stimuli that activate the receptor (22). PrV tracing, on the other hand, separates a
subpopulation of TGNs in the functional level that provides us different insights of the
problem. Interestingly enough, from my qRT-PCR results, TRPM8 was commonly
expressed in PrV-labeled TGNs, but TRPA1 was rarely seen, which was consistent with
the known expression pattern. These results further indicate that the connection between
the functional nerve innervations and the receptor expression pattern might exist in the
sensory system.
My goal with the PrV labeling was to validate my findings of FA responsiveness
in lingual-innervated TGNs. Thus, I closely examined the FA-induced [Ca2+]i in PrVlabeled TGNs. Compared to my previous studies on pooled TGNs from adult rats, the
general response profile did not change significantly, although a small increase on
responding percentage was observed for each of the FAs tested. Moreover, LA seemed to
activate the PrV-labeled and PrV-unlabeled TGNs similarly both in terms of the
percentage of responding cells and the magnitude of the LA-induced responses. There are
two obvious conclusions from this finding. First, PrV labeled a subpopulation of TGNs
that innervate the oral cavity. Second, TGNs that innervate other areas of the head, such
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as the face or nasal cavity that are not labeled by this approach, respond to FAs in a
similar fashion as those that innervate the tongue.
Indeed, the ion-substitution experiments in PrV-labeled TGNs suggested similar
conclusions. The variation of the LA-induced [Ca2+]i increase in Ca2+ free Tyrode’s
disappeared. Extracellular Ca2+ did not play a big role in PrV-labeled TGNs, whereas the
previous data showed about 70% of TGNs were highly dependent on extracellular Ca2+.
On the other hand, the role of extracellular Na+ was consistent between PrV-labeled and
pooled adult TGNs. Removal of extracellular Na+ consistently lead to only about a 10%
decrease in the change in [Ca2+]i initiated by LA. These experiments, along with the
previous data from pooled adult rat TGNs suggested that LA activation of TGNs is
largely dependent upon Ca2+ release from the intracellular Ca2+ stores.
Pharmacological studies with thapsigargin further confirmed the importance of
Ca2+ release from stores in the LA-induced responses in TGNs. In PrV-labeled TGNs
treated with thapsigargin, LA was not able to induce the robust [Ca2+]i increase in
Tyrode’s solution, and subsequent substitution for Ca2+ completely abolished the
response. However, in PrV-unlabeled TGNs, the LA-induced [Ca2+]i increases were
dependent on Ca2+ from extracellular environment. Interestingly, in pooled TGNs from
adult rats, a subpopulation of neurons that was apparently thapsigargin insensitive as
thapsigargin treatment has little effect on LA-induced [Ca2+]i in those TGNs (see Chapter
2 for details). In my studies using PrV as tracing tool, the number of thapsigargininsensitive TGNs was negligible indicating that this population of TGNs found in the
adult was either not of lingual origin or not found in neonates.
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Taken together, I have been able to use PrV-KaΔgGgfp as a ‘live-cell’ tracer to
label a portion of the lingual-innervated TGNs. This has allowed the verification of my
previous conclusions regarding the ability of FAs to activate the somatosensory system
and illustrates that these pathways are active in those TGNs that functionally innervate
the tongue. Thus, it allows the conclusion to be drawn that FAs may be effective stimuli
in the oral cavity to convey some of the somatosensory information of fats. Clearly,
however, lingual-innervated TGNs do not compose the entire population of FA-sensitive
neurons as similar responses were seen in those cells not labeled by PrV. Thus, TGNs
that innervate other areas may also respond to FAs and/or the efficiency of PrV labeling
of the lingual TGNs may be low. Future studies will be required to discern about these
possible conclusions. Nonetheless, having access to a population of lingual TGNs has
allowed the elucidation of some aspects of the FAs signaling pathway, one goal of this
dissertation research. The data shown in this study demonstrate conclusively that
responses to LA are largely dependent upon release of intracellular Ca2+ from stores and
are consistent with our current model of FAs transduction (cf. Fig, 1.3 in Chapter 1).
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Table 3.1: Individual TGNs expressed TRPM8 and TRPA1 channels. TRP channels
expression was determined using quantitative real time PCR in PrV-labeled (i.e. lingualinnervated) large and small TGNs. +, positive; -, negative; n=positive or negative number
out of total number of assays.

Large
Small

Single cell RT-PCR
Cell Size
TRPM8
TRPA1
>30 µm
+ (n=4/6)
+ (n=2/5)
<30 µm
+ (n=5/7)
- (n=6/6)
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Figure 3.1: Pseudorabies virus injected to the tongue successfully labeled a subpopulation
of neurons in the isolated TGNs. Fluorescence image showing PrV-KaΔgGgfp labeled
TGNs ~24 h after injection. Arrows point to TGNs that were obviously infected by PrVKaΔgGgfp.
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Figure 3.2: Fatty acids activated a subpopulation of PrV-labeled, lingual-innervated
TGNs. (A) and (B), bath application of linoleic, oleic and myristic acids (each at 30 µM)
activate PrV-labeled TGNs. (A), this PrV-labeled TGN respond to linoleic and myristic
acid, while (B) shows another PrV-labeled TGN that respond to linoleic and oleic acids.
(C) The proportion of fatty acids responsiveness seen in PrV-labeled neurons. In PrV
labeled TGNs, 67% (n=186) of TGNs respond to linoleic acid, while 41% (n=128) and
31% (n=107) of linoleic acid responsive neurons respond to oleic acid and myristic acid,
respectively. (D), Mean responses (rise in [Ca2+]i ) ± SEM induced by linoleic acid (30
µM) in adult TGNs, total number of neonatal TGNs, PrV-unlabeled TGNs and labeled
TGNs. *, P<0.005.
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Figure 3.3: LA-induced [Ca2+]i increase in PrV-labeled TGNs was not largely dependent
on extracellular Na+, but showed dependence on intracellular Ca2+ release. Two sample
graphs of LA-induced [Ca2+]i increase in regular Tyrode’s saline, Na+ free Tyrode’s
saline and Ca2+ free Tyrode’s saline in PrV-unlabeled TGNs (A) and PrV-labeled TGNs
(B). (C) Mean normalized percentages (LA-induced [Ca2+]i increase in Na+ or Ca2+ free
Tyrode’s / in LA-induced [Ca2+]i increase in Tyrode’s ± SEM, %) in PrV-unlabeled
TGNs and PrV-labeled TGNs.
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Figure 3.4: Thapsigargin treatment blocked LA-induced [Ca2+]i increase in PrV-labeled
TGNs. (A)(B) Representative data showing LA-induce [Ca2+]i increases in Tyrode’s and
calcium free Tyrode’s in PrV-unlabeled TGNs (A) and PrV-labeled TGNs (B) after 1h
thapsigargin (1 µM) treatment. (C) Mean responses (rise in [Ca2+]i) ± SEM induced by
LA in Tyrode’s and Ca2+ free Tyrode’s in both PrV-labeled and PrV-unlabeled TGNs.
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CHAPTER 4
LINOLEIC ACID INDUCES INWARD SODIUM CALCIUM PERMEABLE
CATION CURRENT IN TRIGEMINAL GANGLIONIC NEURONS
Abstract
Transient receptor potential (TRP) channels are involved in the transduction
cascade of many sensory perception processes. Recent studies in our lab have shown that
the transient receptor potential melastatin 5 channel (TRPM5) is involved in the fatty
acids (FAs)-induced signaling pathway in taste receptor cells and in an enteroendocrine
cell line, STC-1. In this present study, I have begun to characterize the downstream
conductance that is activated by FAs (e.g. linoleic acid, LA) in rat trigeminal ganglionic
neurons (TGNs). Using perforated patch clamp recording, I have recorded LA-induced
current that exhibited many of the properties of a TRP-like current. The inward current
activated by LA is both calcium (Ca2+) and sodium (Na+) permeable, which could be
inhibited by the general TRP channel blocker ruthenium red (10 µM). TRPM5 channel is
not found in a detectable level in trigeminal ganglia, nonetheless, the specific TRPM5
inhibitor, triphenylphosphine oxide (TPPO), did inhibit a significant proportion of this
current. Although the lack of a specific target and the specific pharmacological tools are
preventing me from drawing any definite conclusions concerning the nature of the TRP
channel activated by LA, the features of this current are consistent with their roles in the
transduction pathway for FAs in the somatosensory system.
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Introduction
The TRP channels are known to constitute important components of sensory
systems. They work as some of the primary cellular sensors in virtually all organisms. In
human, activation of a specific TRP channel might represent the detection of tastants,
temperature or pungent reagents (1). TRP channels contain a large and functionally
diverse family of ion channels that have distinct activation mechanisms and biophysical
properties. In general, the mammalian TRP superfamily is divided into six subfamilies
based on the sequence homology, which includes TRPC (canonical, TRPC1-7), TRPM
(melastatin, TRPM1-8), TRPV (vanilloid, TRPV1-6), TRPA (ankyrin, TRPA1), TRPP
(polycystin) and TRPML (mucolipin) families (2).
These subfamilies of TRP channels have their own permeability and selectivity
properties while sharing some common features. For example, all TRP channels are
known to be cation-selective; most functionally characterized TRP channels are
permeable to Ca2+ ions except for TRPM4 and TRPM5, which are permeable to
monovalent cations (3). Other TRP channels are permeable to both Ca2+ and Na+ ions
with the different permeability and activation mechanisms. For example, TRPV1 is a
Ca2+-permeable channel with a rather low discrimination between Ca2+ and Na+
(PCa/PNa~10), which is activated directly by heating or agonists like capsaicin and H+ (2).
The TRPC family, however, is activated by stimulation of G protein-coupled receptors
(GPCRs), and mainly functions as store- and/or PLC-dependent Ca2+-permeable cation
channels (2). Although the TRPC family contains the first recognized mammalian TRP
channel TRPC1, these channels are still enigmatic. For example, homomeric TRPC1 has

87
been proposed to function as a store-operated, diacylglycerol (DAG)-activated, inositol
1,4,5-trisphosphate (IP3R)-gated cation channel, downstream of Gq/11 activation (2).
There is another report stated that TRPC1 could form a stretch-activated channel in frog
oocyte (4). TRPC1 was initially regarded as a mediator in the process of store-operated
calcium entry (SOCE) (5), recent discoveries brought ER membrane protein STIM1 and
plasma membrane protein Orai1 into view. Whether TRPC1 is working with STIM1 and
Orai1 or independently is still under intense discussion in the field (6, 7). To make the
situation even more complicated, several subtypes of TRPCs could work together to form
a

complex

in

the

physiological

state,

which

would

have

quite

different

electrophysiological features (8, 9).
TRPM4/5, on the other hand, is not permeable to Ca2+, and is activated
downstream of other membrane proteins by some second messengers as TRPCs do. More
specifically, TRPM5 is selectively expressed in taste-related tissues, and works
downstream of taste receptors for sweet, bitter and umami (a group of GPCRs, called
T1Rs and T2Rs). TRPM4, which is the most closely related channel to TRPM5 is
expressed ubiquitously and appears likely to mediate so-called Ca2+-activated
monovalent cation channels (10).
There is evidence showing a member of TRP channels might be involved in the
FA-induced signaling transduction pathway in somatosensory system. In Chapter 2, I
showed LA’s ability to depolarize TGNs, which involved the G protein/PLC pathway. In
Chapter 2 and Chapter 3, I concluded that LA-induced [Ca2+]i increase was dependent
upon the release of the Ca2+ from intracellular stores in a lingual-innervated population of
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TGNs. However, the link between the rise in intracellular Ca2+ and depolarization was
not elucidated. In taste receptor cells, TRPM5 has been shown to be the downstream of
the membrane taste receptors T1Rs and T2Rs where it provides the taste-induced receptor
potential (11, 12) and appears to play a similar role in FAs taste transduction (P. Liu and
T. A. Gilbertson, unpublished data). In sensory neurons like TGNs and DRGs, TRP
channels are directly involved in the transduction pathway for temperature and pungent
reagents (13-17). Whether a TRP channel is involved in the FA-induced activation of
TGNs is presently unclear. In this dissertation study, I have attempted to record the
putative FA-activated TRP-like current in TGNs, and begin to characterize the current’s
properties.
Materials and Methods
Acute isolation of trigeminal ganglionic neurons. All surgical and experimental
procedures were reviewed and approved by the Institutional Animal Care and Use
Committee, Utah State University. TGNs were isolated according to methods modified
from Simon and colleagues (18, 19). Four- to 8-week-old male Sprague-Dawley rats were
deeply anaesthetized by 50 mg/kg i.p. injection of sodium pentobarbital. The paired
trigeminal ganglia were then harvested and diced into small pieces into Hank’s balanced
salt solution (HBSS), followed by a 45-min incubation with 2.5 mg/ml collagenase (Type
XI-S) at 37°C in HBSS also and a 10-min incubation at 37°C in 100 µg/ml DNase I in
culture medium (DMEM/F-12 1:1 medium supplemented with 10% FBS). The neurons
were centrifuged and resuspended in culture medium by gentle trituration with a flamepolished Pasteur pipette. Subsequently, neurons were plated onto poly-D-lysine (0.1
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mg/ml)-coated glass coverslips (12-15 mm in diameter) and cultured at 37°C in a watersaturated atmosphere with 5% CO2. For electrophysiology, neurons with soma diameters
ranging between 18 to 25 µm were used within 8 hours after plating on coverslips. For
calcium imaging, neurons were cultured 36-48 hours in culture medium before use. These
cell based assays were handled in the room temperature unless stated.
Calcium imaging. TGNs were loaded with fura-2/AM (5 µM; Molecular Probes,
Eugene, OR) for 1 hour in Tyrode’s saline solution with 10% pluronic acid at 37°C in the
dark. Cells were then rinsed and placed in culture medium for 30 minutes to allow deesterification of the acetoxymethyl ester group from fura-2. The coverslips were mounted
into an imaging chamber (RC-25F and RC-26Z, Warner Instruments, Hamden, CT),
placed on an inverted microscope (Nikon, Eclipse TS100, Japan) and perfused
continuously with Tyrode’s solution. Neurons were illuminated with a 100-watt xenon
lamp and excitation wavelengths (340/380 nm) were delivered by a monochromator
(Bentham FSM150, Intracellular Imaging Inc., Cincinnati, OH) at a rate of 20 ratios per
minute. Fluorescence was measured by a CCD camera (pixelFly, Cooke, MI) coupled to
a microscope and controlled by imaging software (Incyt Im2TM, Intracellular Imaging).
The ratio of fluorescence (340/380 nm) was directly converted to Ca2+ concentrations
using a standard curve generated for the imaging system using a fura-2 calcium imaging
calibration kit (Molecular Probes, Eugene, OR). FAs were applied extracellularly with a
bath perfusion system at a flow rate of 4 ml/min permitting complete exchange of the
extracellular solution in less than 20 seconds.
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Electrophysiological recording and analysis. We performed perforated wholecell patch clamp recording to record FFA-induced currents in TGNs with an Axopatch200B amplifier (Molecular Devices, Sunnyvale, CA). Patch pipettes were fabricated from
borosilicate glass on a Flaming-Brown micropipette puller (model P-97; Sutter
Instrument, Novato, CA) and subsequently fire-polished on a microforge (model MF-9,
Narishige, Japan) to a resistance of 3-4 MΩ. Commands were delivered and data were
recorded using pCLAMP software (v. 10, Molecular Devices, Sunnyvale, CA) interfaced
to an Axopatch-200B amplifier with a DigiData 1322A analog-to-digital board. Data
were filtered online at 1 kHz and sampled at 2-4 kHz. Nystatin was made into a 50 mg/ml
stock with DMSO. Fresh intracellular solution with nystatin was made every 2 hours at a
concentration of 200 µg/ml, supplemented with 0.2% pluronic acid. The time for backfill
the tip is around 1 minute for each pipette. The voltage clamp mode is used to record the
inward current, with a holding potential of -60 mV. LA was applied by a bath application
system.
Solutions. Standard extracellular saline solution (Tyrode’s) contained (in mM):
140 NaCl, 5 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose, and 10 Na pyruvate; pH
7.40 adjusted with NaOH; 310 mOsm. Sodium-free saline (Na+ free Tyrode’s) contained
(in mM): 280 mannitol, 5 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES, 10 glucose; pH 7.40
adjusted with TrisOH; 310 mOsm (adjusted with mannitol). Calcium free saline (Ca2+
free Tyrode’s) contained (in mM): 140 NaCl, 5 KCl, 1 EGTA, 1 MgCl2, 10 HEPES, 10
glucose, and 10 Na pyruvate; pH 7.40 adjusted with NaOH; 310 mOsm. The calciumsodium free saline (Ca2+-Na+ free Tyrode’s) contained: 280 mannitol, 5 KCl, 1 EGTA, 1
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MgCl2, 10 HEPES and 10 glucose; pH 7.40 adjusted with TrisOH; 310 mOsm (adjusted
with mannitol). The cesium based intracellular solution was used for recording the LAinduced inward current (in mM): 130 Cs acetate, 8 MgCl2, 10 HEPES; pH 7.2 adjusted
with TrisOH; 310 mOsM. Ruthenium red, the general TRP channel blocker, was obtained
from MP Biomedicals (Solon, OH). The TRPM5 channel blocker triphenylphosphine
oxide (TPPO) and linoleic acid were obtained from Sigma (St. Louis, MO). TPPO and
linoleic acid stocks were made with 100% ethanol. Ruthenium red was directly dissolved
into Tyrode’s. All the working solutions were made from stock solutions immediately
prior to use.
Quantitative real-time PCR. For tissue level RT-PCR, the paired trigeminal
ganglion was either stored at 20°C in RNAlater (Ambion, Austin, TX) or placed in TRI
Reagent (MRC, Cincinnati, OH) for immediate extraction of RNA. Extraction was done
according to manufacturer’s protocol. First strand cDNA was synthesized using the
iScript cDNA synthesis kit from Bio-Rad (Hercules, CA). To get a final volume of 20 µl,
50 ng trigeminal RNA was used for the reaction. DNA contamination was evaluated by
setting up a reaction where the reverse transcriptase was omitted. After first-strand
synthesis, 2 µl cDNA was added to a PCR reaction mix. The HotMaster Taq DNA
polymerase kit (5 Prime, Gaithesburg, MD) was used for the PCR reaction (final
concentration: 1X reaction buffer, 5.0 mM Mg2+, 200 µM dNTPs, 300-900 nM forward
and reverse primers, and 1.25 U/µl HotMaster Taq). Primer sequences are shown in
Table 4.1.
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In Chapter 3, I adopted and refined the technique of using pseudorabies virus
Kaplan strain with the GFP gene inserted (PrV-KaΔgGgfp) as a ‘live-cell tracing tool’ to
identify a subpopulation of TGNs that innervate the oral-cavity (see Chapter 3 for
details). Here, I collected a limited number of identified TGNs for quantitative RT-PCR
(qRT-PCR) analysis. 6-10 TGNs were collected under an inverted microscope using
borosilicate hematocrit capillary pipettes. The capillary pipettes were pulled and firepolished to a bore slightly smaller that the size of the cell to guard against collection of
cell debris. Target cells were sucked into unfilled collection pipettes, which were
controlled by a micromanipulator. After capture, the tip of the pipette was broken into a
0.5 ml microfuge tube containing 50 µl RLT buffer (supplemented with Bmercaptoethanol) from the RNeasy Micro Kit (Qiagen) and kept on ice. Total RNA
isolated using the RNeasy Micro kit and MessageBOOSTER kit was used for
amplification. In this study, I collected PrV-labeled medium to large cells (soma diameter
>20 µm), PrV-labeled small cells (soma diameter < 20 µm) or non-fluorescent mixed
cells to assay for TRPM8 or TRPA1 expression. The HotMaster Taq DNA polymerase
kit was used for the PCR reaction, 1 µl cDNA per reaction was amplified using a 2-step
PCR (6 s denaturation, 60 s annealing and extension). A TaqMan (ABI, Foster City, CA)
detection system was used to detect the specific targets and a housekeeping gene
GAPDH, for comparison of expression levels. The primers were from either TaqMan
Gene Expression Assays or designed by ourselves.
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Statistical analysis. The significant effects of all the treatments were determined
by a two-tailed Student’s t-test (α=0.05) compared with their controls as described in the
text. Data are presented as mean ± SEM, unless otherwise indicated.
Results
TGNs express several TRP channels. Table 4.1 shows the expression of several
common TRP channels in trigeminal ganglia. Using conventional RT-PCR on RNA
extracted from the trigeminal ganglia, TRPV1, TRPA1 and TRPM8 are expressed in the
trigeminal ganglia as expected. These TRP channels are responsible for the detection of
capsaicin, mustard oil and menthol, respectively (13, 20, 21), which are well established
to activate TGNs. One of our initial targets of interest, TRPM5, the TRP channel
involved in taste perception of sweet, bitter, umami and FA tastes, is apparently not
expressed at detectable levels in these assays. However, TRPM4, which is closely related
to TRPM5 channel by sequence homology, is expressed in trigeminal ganglia. Because
of their suspected role in store operated calcium entry (SOCE) (22-26) and my data
supporting SOCE in TGNs (Chapter 2), I also tested for expression of several members
of the TRPC family. Interestingly, several members in TRPC family that have been
implicated in SOCE also showed up in this assay, including TRPC1, TRPC3, TRPC4 and
TRPC7. These, like TRPM4, remain potential candidates for underlying FA-induced
receptor potential in TGNs.
In Chapter 3, I utilized a neurotropic virus (i.e. pseudorabies virus; PrV), to trace
the lingual-innervated population of TGNs. To validate that the PrV-labeled TGNs were
a chemosensitive subpopulation of sensory neurons, I checked the expression of TRPM8
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and TRPA1 in individual PrV-labeled TGNs using qRT-PCR. As I expected, TRPM8 and
TRPA1 were expressed. However, I was unable to find a consistent relationship between
neuron soma size and TRP channel expression in these PrV-labeled TGNs. TRPM8 were
consistently found in both PrV-labeled medium to large (soma diameter > 20 µm) and
small (soma diameter < 20 µm) neurons. In 2 out of 5 assays with medium to large
neurons, TRPA1 was also detected. In small neurons, however, TRPA1 was not found in
any assays (n=6), but 5 out of 7 assays still showed TRPM8 expression. The non-labeled
neurons showed TRPA1 and TRPM8 expression (data not shown). Because of this
inconsistent pattern of expression with known targets at the single cell level, it was not
possible to probe at this level for the TRP channels of interest (TRPM4, TRPC1, TRPC3,
TRPC4 and TRPC7) in the FAs signaling pathway. Additional refinements of these
single cell PCR approaches in PrV-labeled TGNs will be required before I am able to
draw meaningful conclusions regarding which TRP channel types are expressed in
lingual-innervated TGNs.
LA activates inward, cation-selective current in TGNs. Because of their
involvement in chemosensory pathways and their expression patterns in TGNs, I
hypothesized that a TRP channel might be involved in the FA-induced signaling pathway
in TGNs. In order to minimize wash-out of second messengers and to preserve the
integrity of the intracellular contents of the cells, nystatin-mediated perforated patch
clamp recording (27, 28) was used to record the TRP-like inward currents activated by
LA, the prototypical FA stimulus.
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This technique was chosen to record the LA-activated TRP-like inward current
since the intracellular Ca2+ mobilization and some other second messengers seem to play
an important role in FAs signaling (see Chapter 2 and Chapter 3 for details). In the
whole-cell voltage clamp experiments (Vh= -60 mV), LA elicited a slowly activating,
inward current averaging 1107.5 ± 116.7 pA (n=20; Fig. 4.1A) that had a time course
similar to that of the LA-induced intracellular calcium concentration ([Ca2+]i) increase
and depolarization.
To define the permeability properties of this LA-activated inward current, I
performed a series of perforated whole-cell patch clamp recording in which the
extracellular Ca2+ or Na+ was replaced with EGTA or mannitol, respectively. Ca2+
removal from extracellular saline solution decreased the average peak inward current ~60%
to a value of 447.4 ± 97.9 pA (Fig. 4.1B and E; n=13; P<0.001). Substitution for
extracellular Na+ had a similar effect on the LA-induced inward current. The peak inward
current decreased to 261.5 ± 55.5 pA (n=11) in Na+ free Tyrode’s, which is about 24% of
the control current (P<0.001). Further, I replaced both cations from the extracellular
solution. The current further decreased to 145.2 ± 45.3 pA (n=6), but was not completely
abolished. Therefore, I concluded that the LA-induced inward current is a non-selective
cation current carried by both Ca2+ and Na+ consistent with many TRP-like channels. The
generally slow time course of the current and the nature of these experiments precluded
me from conducting a more systematic analysis of the permeability properties of the LAinduced inward current.

96
The non-specific TRP channel blocker ruthenium red inhibited the LAactivated inward current and [Ca2+]i increase. Ruthenium red is known as a general
TRP channel blocker as well as an inhibitor of ryanodine receptors (13, 29, 30). It blocks
every known TRPV channel at concentrations as low as 100 nM to 1 µM (31, 32). It was
also reported that ruthenium red was able to inhibit TRPA1 and TRPM6 currents (13, 15,
33, 34).
The non-selective and non-voltage activated natures displayed in Fig. 4.1 suggest
that this current could be through a TRP channel. As the initial attempt, I used the general
TRP channel blocker ruthenium red (10 µM) to see if this LA-induced inward current
could be inhibited. Indeed, the mean inward current was decreased to 304.9 ± 81.3 nM
(n=12; P<0.001).
In addition, I carried out calcium imaging experiments with ruthenium red (10
µM) also. Similarly to the results using patch clamp recording, the [Ca2+]i increase was
diminished when ruthenium red was present (Fig. 4.2C). Average [Ca2+]i rise decreased
from 193.2 ± 15.0 nM (n=45) to 24.8 ± 8.2 nM (n=45; P<0.001) (Fig. 4.2D).
The TRPM5 inhibitor TPPO partially blocks the LA-activated inward
current. Triphenylphosphine oxide (TPPO) is the recently reported blocker with
apparent specificity for TRPM5 channels (35). Current studies in our laboratory have
shown that TRPM5 is involved in FA-induced signaling pathways in both taste receptor
cells and the enteroendocrine cell line, STC-1. However, the specificity of TPPO to
TRPM5 has not been externally validated to our knowledge. Since TRPM5 was not found
to be detectable in mRNA from the trigeminal ganglia in my assays, I sought to validate
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this finding using TPPO to try and inhibit the LA-activated inward currents. My
expectations were that TPPO should be ineffective in inhibiting the LA-induced currents
in TGNs. In whole-cell voltage clamp experiments, I compared LA-induced inward
currents in control TGNs and in TPPO treated (100 µM, 2 min pre-treatment) TGNs. Fig.
4.3A is a typical LA-induced inward current in the presence of TPPO. Compared to the
control mean peak current in regular Tyrode’s solution (1107.5 ± 116.7 pA; n=20), the
LA-induced inward current in the presence of TPPO was significantly reduced (570.8 ±
91.9 pA; n= 9; Fig. 4.3B). Although the inward current is significantly decreased
(P<0.005), the remaining current still composed of 52% of the control current. TPPO
treatment partially blocked the LA-induced inward current in TGNs.
Discussion
In this present study, I have shown for the first time that FAs activate TGNs with
an inward current that has several characteristics of a channel in TRP family. First, the
inward current is evoked at a negative voltages and would be expected to contribute to
the LA-induced depolarization reported previously (Chapter 2), by extracellular agonists.
Second, the inward current is carried by Na+ and Ca2+. This nonselectivity among cations
is a hallmark of many members in TRP channel family. Third, a relatively nonspecific
TRP channel blocker ruthenium red inhibits both the [Ca2+]i increase and the inward
current induced by LA. Fourth, the specific blocker for TRPM5 partially inhibited but did
not completely block the LA-induced inward current. Taken together, these features lead
to the conclusion that this FA-induced inward current is likely carried through one or
more types of TRP channels.
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To date, however, I have been unable to identify unequivocally the subtype(s) of
TRP channels that may be activated following FAs stimulation in TGNs. Based upon my
previous data (Chapters 2 and Chapter 3), I have shown that intracellular Ca2+ stores play
an important role in the FA-induced signaling pathway. It led me to the initial idea that
FA-activated TRP channels were functionally related to SOCE activity, a domain of the
TRPC subfamily. TRPC is a unique family of TRP channels in that its members are not
only responsible for agonist-activated nonselective cation currents, but they also
participate in the so-called slow sustained mode of Ca2+ signaling, which requires
sustained elevations of intracellular Ca2+ (36, 37). Signaling process mediated by Ca2+
could either be fast or slow. Fast responses usually involve the voltage-dependent Ca2+
channels, while slow response is generally seen in the case of receptor triggered
activation, with phospholipase C cleaving phosphatidylinositol 4,5-bisphosphate (PIP2)
into inositol 1,4,5-trisphosphate (IP3) and DAG. This process is sometimes called
receptor-operated calcium entry (ROCE) (38).
My recordings of the [Ca2+]i rise initiated by polyunsaturated FAs was always in a
slow sustained manner; and my data supports a model where the G protein/PLC pathway
is involved (see Chapter 2 for details). Thapsigargin treatment increases the resting
[Ca2+]i level 2-3-fold which may be subsequently inhibited by LA application (see
Chapter 2 for details). More interestingly, LA-induced [Ca2+]i rise is not dependent on
extracellular Na+, but the LA-induced inward current is dependent on both extracellular
Ca2+ and Na+, which implicates that this current is likely downstream of the intracellular
Ca2+ stores release (39-41).
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The inhibition of LA-induced currents by TPPO, the TRPM5 specific inhibitor,
was surprising. The fact that the LA-induced current was carried, at least partially, by
Ca2+ is inconsistent with the properties of TRPM5 (or TRPM4) channels (3). Further, my
RT-PCR assays failed to find detectable levels of expression of TRPM5 in mRNA
isolated from trigeminal ganglia. The reason for this discrepancy is unclear but it is
possible that TPPO is not entirely specific for TRPM5 channels as it has not apparently
been screened for its ability to inhibit TRPC channels. Alternatively, there may be
multiple channel types activated downstream of G protein/PLC activation that may
include TRPM5 expressed at low levels in TGNs. Obviously, additional experiments
aimed at testing among these possibilities are needed.
Given the fact that multiple TRP channels are expressed in TGNs and that there is
not strong evidence implicating any single channel type in the LA-induced pathway in
TGNs, it is not possible to draw any meaningful conclusions regarding the identity of the
channel that mediates this inward current in TGNs. Due to the lack of specific
pharmacological tools and the nature of TRPCs, which can exist in a variety of
heteromeric forms in native cells, identifying the source of these currents in TGNs has
proven to be overly complicated. The conventional approaches like using RNA
interference are practically impossible. Further, the mechanisms of SOCE/ROCE are still
obscure. Recent discoveries of STIM1 and Orai proteins as mediators of SOCE processes
and the possible interaction of these proteins with TRPC channels directly further
complicates the issue (6, 7, 42, 43). How TRPCs fit into the whole signaling pathway is
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still under debate. Future studies will depend on the new information of the TRPC
channels, SOCE and specific targets that might involve in the FAs signaling pathway.
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Table 4.1: TGNs expressed several TRP channels. TRP channels expression was
determined using conventional RT-PCR and in individual neurons using quantitative real
time RT-PCR in PrV-labeled (i.e. lingual-innervated) TGNs. +, positive; -, negative; NT,
not tested.

TRPV1
TRPA1
TRPM4
TRPM5
TRPM8
TRPC1
TRPC3
TRPC4
TRPC7

Regular RTPCR
+
+
+
+
+
+
+
+

Individual PrVlabeled neurons RTPCR
+
NT
NT
+
NT
NT
NT
NT
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Figure 4.1: LA-induced inward currents are dependent upon extracellular Ca2+ and
extracellular Na+. LA-induced inward currents (Vh= -60 mV) in a single TGNs in
Tyrode’s (A), Ca2+ free Tyrode’s (B), Na+ free Tyrode’s (C) and Ca2+-Na+ free Tyrode’s
(D). (E) Mean responses (inward currents) ± SEM to 30 µM LA in TGNs in Tyrode’s,
Ca2+ free Tyrode’s, Na+ free Tyrode’s and Ca2+-Na+ free Tyrode’s. *, P<0.001.
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Figure 4.2: The nonspecific TRP channel blocker ruthenium red inhibits the LA-activated
inward current and [Ca2+]i increases. 30 µM LA-induced inward current is inhibited by
10 µM ruthenium red (A). (B) Mean peak responses (inward currents) ± SEM to 30 µM
LA in TGNs with and without ruthenium red’s presence. 30 µM LA-induced [Ca2+]i
increase is blocked by 10 µM ruthenium red (C). (D) Mean [Ca2+]i increase ± SEM to 30
µM LA in TGNs with and without ruthenium red’s presence. *, P<0.001.
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Figure 4.3: TRPM5 blocker TPPO partially blocked the LA-activated inward current. 30
µM LA-induced inward current is inhibited by 100 µM TPPO (A). (B) Mean responses
(inward currents) ± SEM to 30 µM LA in TGNs with and without TPPO. *, P=0.0013
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CHAPTER 5
SUMMARY AND FUTURE DIRECTIONS
In this dissertation research, I basically asked two questions. First, could fatty
acids (FAs) work as effective tactile stimuli to activate the somatosensory system; and
second, what are the underlying mechanisms of FAs’ activating somatosensory system?
To answer the first question, I used acutely isolated trigeminal ganglionic neurons
(TGNs) as the cellular model and performed a series of cell-based assays with different
FAs (i.e. different carbon length, double bond number and position) as the stimuli for
fats. Importantly, I did see initial evidence of TGN activation by FAs, including
increasing intracellular calcium concentration ([Ca2+]i) and inducing membrane
depolarization and the ability of FAs to elicit action potentials in TGNs (J. T. Klein and
T.A. Gilbertson, unpublished data). These data led me to answer the second question:
what are the mechanisms underlying the ability of FAs to activate TGNs. More
specifically, what are the important players in this FA-induced signaling pathway in
TGNs? While initially exploring the details of FAs signaling in this system, I encountered
a big obstacle: the polymodal feature of TGNs. Although some conclusions could be
drawn (Chapter 2), the variable responses from cell-to-cell prevented me from generating
a comprehensive and definite answer to this question. Because of this, the dissertation
research took a new direction in the hope of answering the following question: how to
functionally isolate a subpopulation of TGNs that innervate the tongue that might be
responsible for somatosensation specifically in the oral cavity?

109
I solved this problem by adopting and refining a new technique into our lab, using
pseudorabies virus (PrV) as a ‘live-cell’ tracer to trace the lingual-innervated population
of TGNs. Successful implementation of this approach lead me to be able to use PrV to
label ~10% of TGNs isolated from the trigeminal ganglia, the majority of which appeared
to represent TRPM8 positive nociceptors (Fig. 3.1, Table 3.1). Clearly, this approach
does not label the entire populations of lingual-innervated TGNs but does allow us to
identify those neurons that do innervate the tongue (Fig. 3.2 C and D). To this end, I have
used cell-based approaches (functional calcium imaging and patch clamp recording) to
study FA-induced signaling transduction pathways in both pooled TGNs from adult and
PrV-injected neonate Sprague-Dawley rats.
My data are the first showing that FAs are capable of activating TGNs directly by
eliciting a rise in [Ca2+]i (Fig. 2.1A). Further imaging studies with removal of
extracellular sodium (Na+) and calcium (Ca2+) on pooled TGNs implicated the important
role of intracellular Ca2+ stores in this process (Fig. 2.3). The parallel ion removal
experiments and the other experiments using pharmacological tools in PrV-labeled TGNs
have further demonstrated that this [Ca2+]i rise was specifically dependent on the release
of intracellular Ca2+ stores (Fig. 3.3 and Fig. 3.4).
Using quantitative real time PCR, I have shown that TGNs express a variety of
FAs activated receptors including GPR40, GPR43, GPR84, GPR120 and CD36 (Fig.
2.5F). Our current clamp recording data with GDP-β-S and U73122 inhibiting the
linoleic acid (LA)-induced depolarization suggested that the G protein/PLC pathway was
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involved in the FA-induced signaling pathways (Fig. 2.5A-E). This was the first clue
showing the involvement of FA-sensitive GPCRs in fat somatosensory perception.
Another important molecular sensor in many sensory systems is the group of TRP
channels. Many sensory transduction cascades utilize a member of TRP channel families
on the cell membrane to either reinforce the signaling (taste) or act directly as the
receptor (e.g. TRPV1 for capsaicin, TRPM8 for menthol and TRPA1 for mustard oil (14)). In our laboratory, TRPM5 has been shown to play a role in the FA-induced signaling
pathway in both taste receptor cells and an enteroendocrine cell line, STC-1. During the
course of this research, significant effort was put into finding evidence of the
involvement of a specific TRP channel in the FA-induced signaling pathways in TGNs.
However, as I have learned, the identification of the specific channel is very difficult
without a specific target of interest. It was simply not practical in terms of time, effort
and expense to sort through the numerous channels expressed by TGNs that had the
properties we had identified for the LA-induced inward current. Attempts to identify a
target through the use of single cell PCR in PrV-labeled (i.e. lingual-innervated) TGNs
proved too technically challenging. The carefully designed voltage-clamp recording
studies revealed a TRP-like inward current was activated by LA. This inward current is
both Na+ and Ca2+ permeable, sensitive to a non-specific TRP channel blocker ruthenium
red, and partially blocked by a TRPM5 inhibitor TPPO. This was also the first gathered
data showing that TRP-like channels might be involved in the FA-induced signaling
pathway, where they are downstream of the release of intracellular Ca2+ from stores.
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Although my studies at this point are complete, there are several questions rising
immediately from my research. First, although I studied the abilities of several types of
FAs to activate TGNs initially, the transduction pathway described in this research was
almost entirely studied with LA as the stimulus. The different time course of FA-induced
[Ca2+]i increase indicated that different mechanisms or receptors might be involved with
different FAs. Future research focused upon the applicability of these pathways to other
FAs is warranted. Second, I have provided some evidence of the involvement of FAsensitive GPCRs. However, further studies will be needed to prove 1) the direct
binding/interaction of FAs and GPCRs; 2) whether GPCRs are the sole membrane
proteins that interact with FAs. The answers will bring up the third question, as lipids
themselves, how FAs interact with cell membrane and what are the details of this
interaction process. Are lipid rafts required for these receptors to work? Forth, exactly
which TRP channel is involved in FA signaling pathway, or there are several TRP
channel working together? Are these TRP channels solely activated as downstream
player of GPCRs, or could they be directly activated by extracellular or intracellular FAs?
I will expand these problems in detail below.
What Causes the Variable Time Courses for
Different Fatty Acids?
The FAs in the oral cavity comprise different classes of FAs which vary in their
carbon length, number and position of double bonds. I checked some representative FAs
in my dissertation research, including LA and docosahexaenoic acid (DHA; long-chain
polyunsaturated FA), oleic acid (OA; long-chain monounsaturated FA) and myristic acid
(MA; medium-chain saturated FA). In calcium imaging studies, these FAs displayed very
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different response profiles. Specifically, polyunsaturated FAs almost always have a
delayed and gradual slow response, while OA and MA have faster responses. These
phenotypic differences lead to ask two basic questions: What are the mechanistic
differences underlying these responses?; and, what is the physiological underpinning of
the delayed responses seen for the polyunsaturated FAs?
In recent years, a group of previously orphan G protein-coupled receptors
(GPCRs) have emerged and been proposed to function as FAs receptors in different
systems. GPR40 and GPR120 are receptors for long chain FAs (5-8); GPR43 is a
receptor for short chain FAs (9); GPR84 is the receptor for medium chain FAs (10). Are
these receptor differences the reason for various types (i.e. fast or slow, adapted or not
adapted) of responses? While this is certainly feasible, the molecular evidence to support
this is still lacking. Heterologous expression systems revealed specificity of these
GPCRs, but lacking the physiological downstream players. In my observation, a single
neuron could respond to several FAs stimuli with different responding time and
amplitudes, which indicate the “cross-fiber” coding theory fitting into the somatosensory
system. The interactions of downstream players, along with the membrane FAs receptors,
contribute to the finally different responding profile.
My studies consistently showed a delayed response for LA in all physiological
assays. Interestingly, this delay does not exist in taste receptor cells and STC-1 cells,
although they express similar FA-sensitive GPCRs. What is the physiological reason
behind this delay and does it play a role in normal somatosensory processing?
Unfortunately, the molecular/cellular knowledge of somatosensation is still in a gathering
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stage, no clear evidence showed the physiological role of a delayed response. To answer
this question, I will need the additional understanding of fat somatosensory perception as
well as the fat taste perception at the in vitro and in vivo levels. The information on the
specific molecular underpinnings that lead to the slow response in TGNs is needed.
What Is the Direct Evidence that FA-activated
GPCRs Are Involved?
Using pharmacological tools (GDP-β-S, the G protein blocker and U73122, the
phospholipase C (PLC) blocker), I have provided the first evidence that the G
protein/PLC pathway is involved in the FA-induced signaling pathway. This conclusion
further suggested the involvement of a membrane GPCR. As stated above, this group of
GPCRs is reported to be activated by different types of FAs in a variety of tissues.
Obviously different from the GPCRs for sweet, bitter and umami in taste, this functional
class of GPCRs is not specific for taste/sensory detection. The convincing evidence
supporting the claim that these GPCRs are acting as FAs receptors in the somatosensory
system or taste system is still lacking.
To obtain direct evidence, animals with targeted gene deletion of these GPCRs
would help validate their roles in the chemosensation of fat. Since these GPCRs have
different FA ligands, the thorough studies would include both cell-based assays and
behavioral assays for each GPCR knockout model. To date, the GPR40 knockout animals
have already been generated. However, reports showed that GPR40 is partially required
in FA-stimulated insulin secretion (11). Although I haven’t tried the knockout animals in
my research, I would doubt this single GPCR knockout would give us clean deletion data
on either cell-based assays or behavior studies. Of course, other GPCR knockout animals
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should be tested. For example, GPR40 and GPR120 are both long chain FAs receptors
with significant overlap in their ligand profiles as shown by heterologous expression
studies. GPR120 might be compensated when GPR40 is functional. In this case, double
knockout animals might be needed.
Secondly, whether this group of FA-activated GPCRs works independently is still
very controversial in the field. CD36 is a glycoprotein which is considered a
transmembrane protein that binds lipids including long chain FAs (12, 13). One of the
roles proposed for CD36 is transporting FAs across plasma membranes from the
extracellular to the intracellular side (14). Then, another important question that I would
ask is, whether CD36 is working by itself or is cooperating with other fatty acid activated
membrane proteins like GPCRs. To answer this question, a series of biophysical studies
would be needed. Do CD36 and GPCRs colocalize or become a complex when FAs are
present? Since FAs themselves are lipids, do FAs have interactions with the plasma
membrane when they are presented to the extracellular environment? Furthermore, are
there any interactions between these membrane proteins and the lipid membrane itself?
These are some important questions to answer in order to accept these GPCRs as FAs
receptors in somatosensory or taste perception.
Which TRP Channel Is Involved in FA-induced
Signaling Pathways in TGNs?
In Chapter 4, I first checked the mRNA expression of several TRP channels in
trigeminal ganglia. A series of TRP channels showed up, including four TRPC channels.
I further recorded a TRP-like inward current which was activated by FA. This current is
carried by both Ca2+ and Na+, inhibited by non-specific TRP channel blocker ruthenium
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red. Although there are hints pointing this current to be a TRPC current, no clear
evidence supported this conclusion in my dissertation work. There are several technical
obstacles that prevented me from identifying the TRP channel(s) in FAs transduction in
the somatosensory system. First, I was unable to narrow down the list of possible TRP
targets. 2-APB was thought to block TRPC channels specifically at concentrations from
50 µM to 80 µM (15-17). Using 2-APB in both calcium imaging and inward current
patch clamp recording might give us a better idea whether the current is mostly through a
TRPC channel. Second, I had attempted to use single cell real-time PCR to narrow the
list of potential TRP channels in this pathway. However, technical difficulties prevented
me from accumulating significant amount of data, especially for PrV-labeled TGNs. This
might actually be an indication of the low quality of mRNA when TGNs were infected by
PrV. Alternatively, the virus infection itself might be interfering with the real time-PCR
assay. The exact reasons are still under investigation.
Therefore, if the technique of real time-PCR on individual PrV-labeled TGNs is
well-established in the future, the additional markers could be verified. Some of the
initial markers would be TRPC1, STIM1 and Orai genes, which were candidates of
calcium released activated calcium channel (CRAC). The immunocytochemistry assay on
TGNs with these markers would further help me visualize the protein expression patterns.
I would be very curious to see if these potential CRAC players were physically located
close to other FA-sensitive membrane proteins, including FA-sensitive GPCRs and FAsensitive delayed rectifying potassium channels (DRKs). Since I don’t have direct
evidence showing the TRP current is activating after the activation of another membrane
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protein (i.e. GPCRs), a very interesting question would be whether these CRAC players
were working independently or closely cooperating with other membrane proteins. To
answer this question, more interdisciplinary approaches would be needed (i.e. detailed
structure information of these proteins and proof of protein-protein interaction in
physiological state).
Additional Electrophysiological Assays Would
Help Clarify Remaining Details of the FA-induced
Signaling Pathways in the Somatosensory System.
The previous studies on primary neurons provide me some good candidate players
in the FA-induced signaling pathway in the TGNs. These primary polymodal neurons are
preventing me from looking into the signaling mechanisms in a detailed way free of
confounding variables. In the future studies, I would like to utilize several cell lines
which express many of the putative proteins involved in this pathway. For example,
hypothalamic GT1-7 and hippocampal HT22 cell lines would be viable options. We have
some preliminary data of the expression of FA-sensitive GPCRs in GT1-7 and HT22
cells (data not shown). Further, preliminary calcium imaging studies revealed that these
cells were capable of being activated by FAs (data not shown). If I was to tackle this
approach, I would like to further check the expression of some other important players
indicated in my previous research, including the TRPCs, STIM1 and Orai genes. The cell
line model will help me to unravel the signaling pathway in a more efficient way. First,
knockdown experiments can be carried out without any hesitation. For example, FAsensitive GPCRs knockdown will give us a clear idea whether these GPCRs are involved
in the FA-induced signaling transduction pathway. The second interesting line of
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experiments will be focused on the involvement of SOCE activity in the FA-induced
signaling pathway. Since these cell lines are endogenous cell lines that represent a much
realistic physiological state, the studies of TRPCs, STIM1 and Orai proteins interaction
downstream of FAs activation would help us understand the FAs signaling in TGNs.
Moreover, if hints show the involvement of TRPC channels, the patch clamp recording
studies on these cells would be wonderful follow up experiments.
The ultimate goal in this series of studies will be to elucidate the FA-induced
signaling pathways in somatosensory system, including confirming the FAs membrane
receptors, the involvement of SOCE activity, and exactly which channel generates the
FA-induced receptor potential. Answering these questions will provide us a brand new
view of molecular/cellular understanding of fat somatosensory perception, and what lead
us to a new stage of somatosensory research.
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